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Abstract 
The flexible polycarboxylic acids Haimda (iminodiacetic acid), H2dipic 
(dipicolinic acid), H2oda (oxydiacetic acid), and H3nta (nitrilotriacetic acid) are 
among the potential candidates capable to produce different kinds of polynuclear 
complexes. Dinuclear Cu(il) complexes bridged by carboxylate spacers have been 
studied extensively due to their relevance in copper-containing enzymes and 
interesting magnetic properties. Coordination chemistry of functionalized 
carboxylate species has been an attractive subject from the bioinorganic standpoint 
because the carboxylate group of glutamate and aspartate works as a supporting 
ligand for the metal centers in various metalloproteins. Recent investigations on 
metalloproteins have revealed that the carboxylate group plays an important role for 
structural holding and proton transfer via hydrogen bonding interactions in proteins. 
It exhiibits a diversified coordination mode and provides an effective hydrogen 
bonding interaction with other protic group. Bimetallic ^-carboxylato complex has 
been the most attractive synthetic target in view of the fact that the carboxylate 
bridged bimetallic core is the common structural motif of the various 02-metabolic 
non-heme Fe- and Mn-proteins. Spectroscopic titrations of iron clusters with calf 
thymus DNA have also been used to evaluate the binding to the DNA helix. ID, 2D 
and 3D coordination polymeric MOFs structure are effectively generated via 
extensive carboxylate bridging in metal complexes containing flinctionalized 
dicarboxylate moieties. The pH of the reaction solution and the crystallization 
conditions are the crucial parameters that influence the formation of the molecular 
architectures. The acid/base ratio and temperature is known to play important role for 
ascertaining the structure of the complexes. The monometallic mixed-ligand 
complexes incorporating iminodiacetic acid, Hiimda and 1,10-phenanthroline are 
generally generated under low pH (5-8) conditions. While at higher pH, formation of 
polymetallic complexes has been reported. Many of such monometallic as well as 
bimetallic complexes have been studied for their in vitro anticancer or antitumor 
activities. The mechanism of their therapeutic action is under study and still need of 
the hour to enhance the exploitation in medicinal chemistry. Functionalized 
dicarboxylic acid derivatives have also been exploited for the synthesis of bis-
benzimidazole derived ligands and the complexation of these benzimidazole derived 
ligands has been carried out using transition as well as rare earth metal ions. These 
complexes have also been used as possible antimicrobial agents. The thesis contains 
five Chapters as follows: 
Chapter I deals with the general introduction and review of the chemistry of 
functionalized polycarboxylic acid and their binary and ternary complexes of metal 
ions. The coordination chemistry of functionalized polycarboxylic acid ligands viz. 
pyridinedicarboxylic acid (H2pda), iminodiacetic acid (Hiimda), oxydiacetic acid 
(H2oda) or nitrilotriacetic acid (H3nta) has attracted special focus of inorganic and 
bioinorganic chemists over the past decades. These ligands are very important 
tridentate chelating agents. The flexibility of these ligands makes them useful for the 
formation of the complexes differing in coordination numbers, conformations and 3-
D architectures. It is well known that in binary and ternary mixed ligand metal 
carboxylate complexes, the carboxylate ligands play an important role to construct 
novel metal-organic frame works (MOFs) and supramoiecular frameworks. 
Chapter II deals with the study and design of mixed-ligand ternary metal 
iminodiacetate complexes and their possible structural diversities and to pursue in-
vitro antimicrobial and superoxide dismutase (SOD) activities. Ternary complexes of 
iminodiacetate containing an a-diimine as auxiliary ligand have been widely used as 
models for several mono and polynuclear metal-enzymes. Complexes having the 
composition M/Haimda/N-heterocycle in 1/1/1 mole ratio, invariably adopt a five 
coordinate square pyramidal (4+1) coordination geometry. However, possibility of 
the rarely observed mer-tridentate chelation giving an elongated six coordinate 
octahedral (4+1 + 1 or 4+2) coordination geometry has not been ruled out. The ternary 
complexes [M(imda)(Phen)H20]xH20 (x = 2, 3 or 4) were obtained as novel 
antimicrobial agents employing reactions of Cu(0Ac)2 or MCI2 (M - Co^ ,^ Ni ^ or 
Cr^ )^ with iminodiacetic acid (H2imda) in presence of 1,10-phenanthroline (Phen), 
whose chemical structure and bonding have been elucidated by IR, FAB-Mass, 'H-, 
'^ C-NMR, ERR spectral and elemental analyses. The complexes usually adopt a 
distorted octahedral geometry around the metal ion. Single crystal X-ray and EPR 
studies of [Cu(imda)(Phen)H20]-2H20 confirmed an elongated hexa coordinate 
(4+1 + 1) geometry with mer-tridentate conformation of the primary iminodiacetate 
(imda") ligand. The single crystal X-ray structure for [Cu(imda)(Phen)H20]-2H20 
indicates a triclinic unit cell in P-1 space group with structural parameters, a = 
6.745(5), b = 10.551(5) , c = 11.414(5) A, a - 95.770(5), P = 91.396(5), y = 
92.518(5)°. The presence of an extensive H-bonding and n-n stacking interactions in 
the neighbouring molecular units have generated a supramolecular framework. The 
antimicrobial activities against E. Coli (K-12), Bacillus subtilis (MTCC 121), 
Staphylococcus aureus (IOA-SA-22), Salmonella Typhimurium (MTCC 98), 
Candida albicans, Aspergillus flimigatus and Penicillium marneffei were investigated 
and significant activities were observed. Among the synthesized ternary complexes, 
copper and cobalt complexes showed remarkable antibacterial and antifungal 
activities while nickel and chromium complexes exhibited comparatively less 
activities. The Superoxide dismutase activity of the Cu(II) complex was assessed by 
NBT assay. 
Chapter III consists of the reactions of iminodiacetic acid with di-n-butyltin 
diacetate in presence of an a-diimine viz. 2,2'-bipyridine or 1,10-phenanthroline 
taken in 2:2:1 mole ratio in aqueous ethanol. This has resulted in isolation of 
beautiful crystalline complexes with stoichiometry [n-Bu2Sn(imda)(H20)]2-Bipy or 
fn-Bu2Sn(imda)(H20)]2-Phen. The FT-IR, 'H, '^C & "^Sn NMR as well as "''Sn 
Mossbauer spectroscopic data on the complexes revealed that the ligand 
iminodiacetate binds the metal as a tridentate [N,0,0] chelating agent in the 
dianionic form (imda') such that the {Sn} metal adopts a hepta coordinate distorted 
pentagonal bipyramidal (pbp) geometry. The presence of a monodentate carboxylate 
bridging from imda^ ~ produced a dinuclear structure of the complex as confirmed 
from the single crystal X-ray diffraction data. The a-diimine chelator, which does not 
directly bind the {Sn} atom, is rather present in the crystal lattice acting as a spacer 
between the adjacent dinuclear units involving weak H-bonding interactions to form 
a supramolecular framework. Apart from this special structural feature, the present 
iv 
compounds deserve attention as they are rare examples of hepta coordinated 
organotin derivatives. The cytotoxicity tests of the compounds show that these 
compounds can be used as potent antitumor drugs. 
Chapter IV deals with the isolation and spectral investigations of novel 
homo-bimetallic complexes which were generated under a high pH (9-10) reaction 
condition. The monometallic mixed-ligand complexes incorporating iminodiacetic 
acid, H2imda and 1,10-phenanthroline are generally generated under low pH (5-8) 
conditions. However, polynuclear homo-bimetallic mixed-ligand complexes of 
transition metals using iminodiacetate (imda^) bridging are scarce. The polymetallic 
complexes where metal ions are connected by bridging organic ligands have recently 
attracted attention. The novel homo-bimetallic complexes [M2(imda)2(H20)4], 
[M2(imda)2(Bipy)2] (M = Co^^ Ni^ ^ or Cu^^ ) and [Fe2(imda)2(H20)3Cl], (H2imda = 
iminodiacetic acid and Bipy = 2,2'-bipyridine) have been synthesized and 
characterized employing IR, FAB-Mass, 'H & "C NMR, EPR and ligand field 
spectra, which indicated a high-spin state of metal ion with hexa-coordinate 
environment. Fe Mossbauer data of the homo-bimetallic complex 
[Fe2(imda)2(H20)3CI] confirm a high-spin configuration with Fe (±3/2—»-l/2) nuclear 
transitions and the presence of Kramer's double degeneracy. At RT, the spin-spin 
interactions of the neighbouring nuclei (Fe^ -^Fe^ "" = S5/2-S5/2) are 
antiferromagnetically coupled. However, at LNT, the complex acquires a mixed-
valent [Fe"'-Fe"] composition corroborated from the X-band EPR data. CV studies 
indicated the presence of quasi-reversible redox Cu"'^ , Cu" '^", Fe""", Fe"'''' and Fe"" 
couples. 
Chapter V includes rare earth metal ions chemistry with benzimidazole 
derived ligand, bis(benzimidazole-2'-yl-methyl)amine, BImz. In this chapter we have 
reported the preparation, spectral characterization and biological screening of a few 
lanthanide complexes of the dipodal ligand bis(benzimidazole-2'-yl-methyl)amine, 
Blm;'.. The dipodal ligand BImz was quite reactive towards lanthanide salts forming 
complexes which were characterized from spectral, thermal and electrochemical 
studies. The present studies indicated that the complexes attained a hepta coordinate 
geometry which was further supported from molecular model computations. The 
oscillator strengths and the covalency parameters (/?, b"" and S) were evaluated from 
electronic spectral studies. The appearance of emission bands in the fluorescence 
spectra of Pr(III) and Nd(lll) complexes suggests that these complexes may be used 
as potent fluorescent materials. The ligand stabilizes the redox couples Pr'"'^ ^ and 
Gd'"^^ in the solution as evidenced from CV studies. Some of the complexes 
exhibited increased activity against selective bacterial and fungal stains compared to 
the free ligand. 
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Abstract 
The flexible polycarboxylic acids Hiimda (iminodiacetic acid), Hadipic 
(dipicolinic acid), Hioda (oxydiacetic acid), and H3nta (nitrilotriacetic acid) are 
among the potential candidates capable to produce different kinds of polynuclear 
complexes. Dinuclear Cu(ll) complexes bridged by carboxylate spacers have been 
studied extensively due to their relevance in copper-containing enzymes and 
interesting magnetic properties. Coordination chemistry of functionalized 
carboxylate species has been an attractive subject from the bioinorganic standpoint 
because the carboxylate group of glutamate and aspartate works as a supporting 
ligand for the metal centers in various metalloproteins. Recent investigations on 
metalloproteins have revealed that the carboxylate group plays an important role for 
structural holding and proton transfer via hydrogen bonding interactions in proteins. 
It exhibits a diversified coordination mode and provides an effective hydrogen 
bonding interaction with other protic group. Bimetallic |Li-carboxylato complex has 
been the most attractive synthetic target in view of the fact that the carboxylate 
bridged bimetallic core is the common structural motif of the various Oa-metabolic 
non-heme Fe- and Mn-proteins. Spectroscopic titrations of iron clusters with calf 
thymus DNA have also been used to evaluate the binding to the DNA helix. ID, 2D 
and 3D coordination polymeric MOFs structure are effectively generated via 
extensive carboxylate bridging in metal complexes containing functional ized 
dicarboxylate moieties. The pH of the reaction solution and the crystallization 
conditions are the crucial parameters that influence the formation of the molecular 
architectures. The acid/base ratio and temperature is known to play important role for 
ascertaining the structure of the complexes. The monometallic mixed-ligand 
complexes incorporating iminodiacetic acid, Hiimda and 1,10-phenanthroline are 
generally generated under low pH (5-8) conditions. While at higher pH, formation of 
polymetallic complexes has been reported. Many of such monometallic as well as 
bimetallic complexes have been studied for their in vitro anticancer or antitumor 
activities. The mechanism of their therapeutic action is under study and still need of 
the hour to enhance the exploitation in medicinal chemistry. Functionalized 
dicarboxylic acid derivatives have also been exploited for the synthesis of bis-
benzimidazole derived ligands and the complexation of these benzimidazole derived 
ligands has been carried out using transition as well as rare earth metal ions. These 
complexes have also been used as possible antimicrobial agents. The thesis contains 
five Chapters as follows: 
Chapter I deals with the general introduction and review of the chemistry of 
functional ized polycarboxylic acid and their binary and ternary complexes of metal 
ions. The coordination chemistry of functionalized polycarboxylic acid ligands viz. 
pyridinedicarboxylic acid (H2pda), iminodiacetic acid (H2imda), oxydiacetic acid 
(H20dai) or nitrilotriacetic acid (Hsnta) has attracted special focus of inorganic and 
bioinorganic chemists over the past decades. These ligands are very important 
tridentate chelating agents. The flexibility of these ligands makes them useful for the 
formation of the complexes differing in coordination numbers, conformations and 3-
D architectures. It is well known that in binary and ternary mixed ligand metal 
carboxylate complexes, the carboxylate ligands play an important role to construct 
novel metal-organic frame works (MOFs) and supramolecular frameworks. 
Chapter 11 deals with the study and design of mixed-ligand ternary metal 
iminodiacetate complexes and their possible structural diversities and to pursue in-
vitro antimicrobial and superoxide dismutase (SOD) activities. Ternary complexes of 
iminodiacetate containing an a-diimine as auxiliary ligand have been widely used as 
models for several mono and polynuclear metal-enzymes. Complexes having the 
composition M/H2imda/N-heterocycle in l/l/l mole ratio, invariably adopt a five 
coordinate square pyramidal (4+1) coordination geometry. However, possibility of 
the rarely observed mer-tridentate chelation giving an elongated six coordinate 
octahedral (4+1+1 or 4+2) coordination geometry has not been ruled out. The ternary 
complexes [M(imda)(Phen)H20] •XH2O (x = 2, 3 or 4) were obtained as novel 
antimicrobial agents employing reactions of Cu(0Ac)2 or MCI2 (M = Co'^ "^ , Ni^ ^ or 
Cr' ) with iminodiacetic acid (H2imda) in presence of 1,10-phenanthroline (Phen), 
whose chemical structure and bonding have been elucidated by IR, FAB-Mass, 'H-, 
C-NMR, EPR spectral and elemental analyses. The complexes usually adopt a 
distorted octahedral geometry around the metal ion. Single crystal X-ray and EPR 
studies of [Cu(imda)(Phen)H20] •2H2O confirmed an elongated hexa coordinate 
(4+1+1) geometry with mer-tridentate conformation of the primary iminodiacetate 
(imda^l ligand. The single crystal X-ray structure for [Cu(imda)(Phen)H20] •2H2O 
indicates a triclinic unit cell in P-l space group with structural parameters, a -
6.745(5), b = 10.551(5) , c = 11.414(5) A, a = 95.770(5), p= 91.396(5), y -
92.518(5)°. The presence of an extensive H-bonding and n-n stacking interactions 
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in the neighbouring molecular units have generated a supramolecular framework. 
The antimicrobial activities against E. Coli (K-12), Bacillus subtilis (MTCC 121), 
Staphylococcus aureus (lOA-SA-22), Salmonella Typhimurium (MTCC 98), 
Candida albicans, Aspergillus fumigatus and Penicillium mameffei were investigated 
and significant activities were observed. Among the synthesized ternary complexes, 
copper and cobalt complexes showed remarkable antibacterial and antifungal 
activities while nickel and chromium complexes exhibited comparatively less 
activities. The Superoxide dismutase activity of the Cu(n) complex was assessed by 
NBT assay. 
Chapter III consists of the reactions of iminodiacetic acid with di-n-butyltin 
diacetate in presence of an a-diimine viz. 2,2-bipyridine or 1,10-phenanthroline 
taken in 2:2:1 mole ratio in aqueous ethanol. This has resulted in isolation of 
beautiful crystalline complexes with stoichiometry [n-Bu2Sn(imda)(H20)]2 Bipy or 
[n-Bu2Sn(imda)(H20)]2 Phen. The FT-IR, 'H, '^C & "'Sn NMR as well as ''^Sn 
Mossbauer spectroscopic data on the complexes revealed that the ligand 
iminodiacetate binds the metal as a tridentate [N,0,0] chelating agent in the 
dianionic form (imda^") such that the {Sn} metal adopts a hepta coordinate distorted 
pentagonal bipyramidal (pbp) geometry. The presence of a monodentate carboxylate 
bridging from irnda^" produced a dinuclear structure of the complex as confirmed 
from the single crystal X-ray diffraction data. The a-diimine chelator, which does 
not directly bind the {Sn} atom, is rather present in the crystal lattice acting as a 
spacer between the adjacent dinuclear units involving weak H-bonding interactions 
to fontn a supramolecular framework. Apart from this special structural feature, the 
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present compounds deserve attention as they are rare examples of hepta coordinated 
organotin derivatives. The cytotoxicity tests of the compounds show that these 
compounds can be used as potent antitumor drugs. 
Chapter IV deals with the isolation and spectral investigations of novel 
homo-bimetallic complexes which were generated under a high pH (9-10) reaction 
condition. The monometallic mixed-ligand complexes incorporating iminodiacetic 
acid, H2imda and 1,10-phenanthroline are generally generated under low pH (5-8) 
conditions. However, polynuclear homo-bimetallic mixed-ligand complexes of 
transition metals using iminodiacetate (irnda^) bridging are scarce. The polymetallic 
complexes where metal ions are connected by bridging organic ligands have recently 
attracted attention. The novel homo-bimetallic complexes [M2(imda)2(H20)4], 
[M2(imda)2(Bipy)2] (M = Co^\ Ni^ ^ or Cu^^ and [Fe2(imda)2(H20)3CI], (H2imda = 
iminodiacetic acid and Bipy = 2,2'-bipyridine) have been synthesized and 
characterized employing IR, FAB-Mass, 'H & '^ C NMR, EPR and ligand field 
spectra, which indicated a high-spin state of metal ion with hexa-coordinate 
environment. Fe Mossbauer data of the homo-bimetallic complex 
[Fe2(imda)2(H20)3CI] confirm a high-spin configuration with Fe (±3/2-4/2) nuclear 
transitions and the presence of Kramer's double degeneracy. At RT, the spin-spin 
interactions of the neighbouring nuclei (Fe^ -^Fe^ "^  = S5/2-S5/2) are 
antifenomagnetically coupled. However, at LNT, the complex acquires a mixed-
valent [Fe"'-Fe"] composition corroborated from the X-band EPR data. CV studies 
indicated the presence of quasi-reversible redox Cu"^, Cu'""', Fe'"'^ ', Fe'"" and Fe"" 
couples. 
Chapter V includes rare earth metal ions chemistry with benzimidazole 
derived ligand, bis(benzimidazo!e-2'-yl-methyl)amine, Blmz. In this chapter we have 
reported the preparation, spectral characterization and biological screening of a few 
lanthanide complexes of the dipodal ligand bis(benzimidazole-2'-yi-methyl)amine, 
Blmz. The dipodal ligand Blmz was quite reactive towards lanthanide salts forming 
complexes which were characterized from spectral, thermal and electrochemical 
studies. The present studies indicated that the complexes attained a hepta coordinate 
geometry which was further supported from molecular model computations. The 
oscillator strengths and the covalency parameters {fi, b'^ ^ and S) were evaluated from 
electronic spectral studies. The appearance of emission bands in the fluorescence 
spectra of Pr([ll) and Nd(in) complexes suggests that these complexes may be used 
as potent fluorescent materials. The ligand stabilizes the redox couples Pr""^^ and 
Gd in the solution as evidenced from CV studies. Some of the complexes 
exhibited increased activity against selective bacterial and fungal stains compared to 
the free ligand. 
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Chapter 1 
An overview of the recent trends in the 
coordination chemistry of functionalized 
polycarboxylic acid Hgands 
INTRODUCTION 
The coordination chemistry of functionalized poiycarboxyllc acid ligands viz. 
pyridinedicarboxylic acid (Hipda), iminodiacetic acid (H2imda), oxydiacetic acid 
(H2oda) or nitrilotriacetic acid (H3nta) (Fig. 1) has been a centre stage for inorganic 
and bioinorganic chemists over the past decades [1-6]. These ligands have been 
proved very important examples of tridentate [N,0,0] or [0,0,0] chelating agents. 
Most of these functionalized polycarboxylic acids provide a flexible (e.g. H2imda, 
H2oda or Hsnta) skeleton to coordinate metal ions [7-14]. The flexibility of these 
ligands makes them useflil for the formation of the complexes differing in 
coordination numbers, conformations and 3-D architectures. It is well known that in 
binary and ternary mixed ligand metal carboxylate complexes, the carboxylate 
ligands play an important role to construct novel metal-organic frame works (MOFs) 
and supramolecular frameworks [15-17]. 
HO-
o 
OH 
Pyridine-2,6-dicarboxylic acid (Hjpda) Iminodiacetic acid (Hjimda) 
0 
HO- OH 
Oxydiacetic acid (H2imda) 
0 
0 r ^OH 
HO-
O ^ ^ O H 
Nitrilotriacetic acid (Hsnta) 
Fig. I 
The carboxylate ligands usually adopt diverse binding modes as terminal 
monodentate (i-iv), symmetrical bidentate chelating to one metal center (v) or 
bridging bidentate in a syn-syn (vi), syn-anti (vii) and anti-anti (viii) configurations 
to bind two or more metal centers [18-27] (Fig. 2). 
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Fig. 2. Various coordination modes in metal-carboxylate complexes. 
A large numbers of MOFs containing carboxylate ligands have been prepared 
and almost all of them are in polymeric forms [15-17]. The dicarboxylic moeity with 
additional function like that in pyridine-2,6-dicarboxylic acid and its substituted 
analogs are of great interest to medicinal chemists, as they are present in many 
natural products, such as alkaloids, vitamins and coenzymes. The natural as well as 
the synthetic derivatives are found to display a wide variety of physiological 
properties. Metal complexes of these ligands, therefore, have been exploited as 
interesting model systems [28-30]. Pyridine-2,6-dicarboxylic acid (H2pda) typically 
called as dipicolinic acid has an attractive coordination chemistry. It has a rigid 120° 
angle between the central pyridine ring and two carboxylate groups, henceforth 
could potentially provide various coordination motifs (Fig. 3) to form both discrete 
and consecutive metal complexes under appropriate synthetic condition [31]. The 
systematic studies undertaken by several research groups for transition [32] as well 
as rare earth [33] metal complexes based on pyridine dicarboxylic acids indicate 
versatile coordination motifs for pyridine-2,6-dicarboxylic acid (Fig. 3). The 
presence of additional donor centers in the pyridine-2,6-dicarboxylic acid frame as 
for example OH group in 4-hydroxypyridine-2,6-dicarboxylic acid (Hscam) 
generates a unified coordination geometry of H2pda and hydroxyl group providing 
more coordination motifs than Hzpda [34] 
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Fig. 3. Coordinating modes in pda^  
Pyridine mono-carboxylic acids (Hpmca) known as Picoiinic acid are active 
in the metabolism of body. For example, nicotinic acid (pyridine-3-carboxylic acid) 
is a constituent of the redox coenzymes, nicotinamide adenine dinucleotide and 
nicotinamide adenine dinucleotide phosphate, which are essential in energy 
metabolism in the living cell. Pyridine monocarboxylic acids (Hpmca) act as 
chelating agents for elements such as chromium, zinc, manganese, copper, iron, and 
molybdenum in the body. They are involved in phenylalanine, tryptophan, and 
alkaloids production, and for the quantitative detection of calcium. Complexes with 
zinc may facilitate the passage of zinc through the gastrointestinal wall and into the 
circulatory system. Metal complexes of pyridine monocarboxylic acid and their 
derivatives are well known [35] models to elaborate these effects. They are used as 
intermediate to produce pharmaceuticals and metal salts for the application of 
nutritional supplements [36]. 
Many transition metal complexes with dicarboxylate ligands have been 
exploited as possible drugs for many diseases [32,37]. The recent successes in the 
development of metal based drugs incorporating suitable organic moieties suggest 
that modifications of the metal ion chemistry by the organic ligands not only 
enhances the efficacy but also decreases toxicity. Vanadium complexes have been 
used effectively as insulin mimics (antidiabetic drugs). The most successful 
vanadium complexes in this regard should have reasonably good solublity in both 
organic and aqueous media and compatible with the human metabolism. Recent 
efforts are focused on identifying vanadium compounds with increased potency and 
decreased toxicity [38-42]. Most of the compounds reported contain bidentate 
ligands and have a 1:2 metal-to-ligand stoichiometry. Picolinic acid (2-
pyridinecarboxylic acid) is a desirable ligand because it alone has a low level of 
insulin-like properties [43] and is formed in the body as an intermediate in the 
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tryptophan degradation pathway. Furthermore, it is an approved food supplement 
and Chromax i.e., chromium(lll) picolinate or tris(picolinato)-chromium(Ill) is 
currently being used in human studies with diabetic patients [43]. This ligand is 
desirable because of its low toxicity and its amphophilic nature. There are reports 
that dilTerent classes of Vanadium compounds ranging from elaborate to very simple 
systems [44,45] exhibit the insulin-enhancing properties. Many Vanadium-
dipicolinate complexes viz. NH4[V''02(pda)] (1), [V"'0(pda)(H20)2].2H20 (2), 
[V'"(pda)(Hpda)H20].3H20 (3) or [V"'(pda)(Hpda)].3H20 (4) (Fig. 4) and the 
Hipda ligand alone, have been shown to be effective in diabetes. 
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Metal complexes containing two different types of ligands are termed as 
ternary metal complexes. Transition metal ternary complexes have been widely 
studied for several decades due to their utility as model systems which explain the 
role of metal ions, mode of bonding and probable geometry around metal ions in 
naturally occurring metallo-proteins and metalio-enzymes. Some of these complexes 
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have also been exploited to get idea about protein-protein interactions present in 
certain proteins in specific metailo-enzymes. In recent years they have received 
particular focus to be employed as in mapping protein surfaces [46], as probes for 
biological redox centers [47], and in the Immobilized Metal-ion Affinity 
Chromatography (IMAC) [48]. In addition to their use as IMAC technique, 
complexes specially of the Cu^ ,^ Ni^ "^  or Zn^ "^  chelates containing iminodiacetic acid 
(H2imda) and nitriloacetic acid (H3nta) have also been employed in a variety of 
applications including crystallization of proteins on monolayers [49] and in the 
temporary immobilization of proteins on surfaces for biochemical study and imaging 
[50]. 
Ternary complexes of oxygen-donor ligands (as primary ligands) and 
heteroaromatic N-bases (as auxiliary ligands) have attracted much interest as they 
can display exceptionally high stability [51]. The use of transition metal complexes 
of H2imda and Hsnta have been widely adopted in biology, and are gaining uses 
specifically in biotechnology for the protein purification. Organic ligands possessing 
multifiinctional coordination sites such as N and S have been shown to play crucial 
roles in the design and architecture of metal-organized frameworks having 
interesting topologies [52,53]. Ligands with polyfunctional donor 
sites as for example N-carbamoylmethyl-iminodiacetic acid [Haada = 
H2NCOCH2N(CH2COOH)2], which is an amido (-^0NH2) analogue of H2imda, 
possessing three potential coordinating groups, -N, -COOH and -CONH2 has been 
exploited for this purpose. This ligand gets partly or fully deprotonated (Hada~ and 
ada ") and can perform a wide range of coordination modes. However, the easily 
chelating effect of this derivative (ada^ "") made it a limited ligand in coordination 
chemistry. Several papers have appeared in recent years concerning the binary and 
temarjy (mixed-iigand) complexes of a variety of metal ions containing ada as 
primary ligand [54]. Most of the complexes adopt mononuclear structures where 
ada^  acts as a tridentate chelating agent (Fig. 5). 
01A , ' 
\ 
Fig. 5. Structure of [Ni(ada)2]^ " 
Carboxylates have been used extensively in the synthesis of di and 
polynuclear metal complexes [54]. Iminodiacetic acid (H i^mda) is one such ligand, 
finding widespread synthetic applications. For example, using iminodiacetato-
copper(ll) as a building block and polypyridine- type molecules as common cross-
linkers, several oligomeric complexes with aesthetically pleasing structural forms 
have been reported in recent times [54]. The X-ray crystal structure 
analysis of a dinuclear iminodiacetato-copper(II) complex, 
[(H20)2(imda)Cu(pmz)Cu(imda){OH2)2], (pmz = N,N'-bis(pyridin-4-
ylmethylene)hydrazine ), where pmz acts as a as a linear spacer was reported (Fig. 
7). Aromatic ring stacking interactions have also proved to be relevant 
intermolecular forces for molecular recognition processes in chemistry and biology 
[55]. In this broad context, a large variety of mixed-ligand metal complexes 
involving various aromatic amino acidate ions or closely related derivatives and N-
heterocycles as co-ligands were investigated during the past 2-3 decades [54]. 
hf 
0)) 
Fig. 7. Crystal structure (a) and packing diagram (b) 
of[(H20)2(imda)Cu(pmz)Cu(imda)(OH2)2]. 
Structural studies on this kind of compounds have been revealed as a 
promising source of information not only on the metal ion surrounding but also on 
molecular recognition phenomena involved in the crystal packing. copper(Ii) 
complexes having one imda-like chelating ligand and stoichiometric moles of N 
heterocycles such as imidazoles, bipyridines, phenanthrolines and adenine have been 
reported [56-59]. Such complexes have bio-inorganic interest because the copper(II)-
imda like chelate could simulate a protein-metal centre which would be able to 
display different recognition modes with various N-heterocycles acting as 
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"substrates" [56]. A unique behavior was observed for the reaction of copper(II) 
hydroxy-carbonaie with N-benzyl-iminodiacetic acid (H2imdaNBz) [Fig. 8 (a)] and 
phenanthroline (phen) as they aflforded two compounds having very different 
compositions [60]. One was a typical mixed-ligand complex derivative, 
[Cu(imidaNBz)(phen)] ^HaO, and the other was the salt 
[Cu4(phen)4(OH)4(H20)2][Cu(imdaNBz)]2 ^OHjO [60]. 
O.^ , 0 
• ^ o 
1^ 
(b) (f) 
Fig. 8 
The crystal of the mixed-ligand complex had infinite multi-staked chains 
with alternating benzyl-phen intra- and inter-molecular TT-TC interactions. The salt 
also exhibited a large variety of inter-ligand H-TC interactions interactions [60]. The 
ternary systems Cu(I[)/L/phen using the substituted analogues of imdaNBz i.e. N-
phenethyliminodiacetate(2-)(pheida) [Fig. 8 (b)] or N-benzylaminoacetato-2-
propionate(2-) (baap) [Fig. 8 (c)] instead of imdaNBz as chelating ligand were also 
reported [60]. 
On account of the tridentate chelating property of the iminodiacetate (imda^) 
ligand and the flexibility of the Cu(Il) coordination stereochemistry, extensive 
research has been devoted to the structural investigations of a variety of 
{Cu(imda)(H20)2}n mixed-ligand complexes of Cu(II), with imda-like groups as 
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primary ligands and N-heterocyclic donors as auxiliary ligands [57-60]. Such ternary 
complexes are useful bioinorganic model compounds for mono- and dinuclear 
copper proteins. In this context, the Cu(II) complex serves as a metal centre, while 
the tridentate imda"^  ligand or imda^ " derivative acts as a protein-like moiety and the 
N-heterocyclic donors play the role of substrate or inhibitor. All mixed-ligand 
complexes having 1:1:2 ratio of Cu/imda-like/N-heterocyclic donor results in 
complexes in which the imda-like ligand adopts a fac-chelating conformation. In 
contrail, the complexes with an equimolar Cu/imda-like/N-heterocyclic donor ratio 
(1:1: i) adopt a distorted square-pyramidal coordination (4+1 type), or more rarely an 
elongated octahedral coordination (4+2 or 4+1+1 type). In these complexes, the 
imda-like ligand itself adopts a mer-conformation binding as tridentate donor [54,57-
60]. Furthermore, the stoichiometry and binding nature of the auxiliary ligand 
influence the coordination geometry of imda "^. It has been shown that 1,10-
phenanthroline (phen) possesses a stronger coordination ability (Figs. 9-11), In the 
mixed-ligand homo-bimetallic complex [Cu(phen)2Cu(imda(Phen)], imda'^  serves as 
a bridging ligand to link the two different [Cu(phen)2]^ '^  and [Cu(phen)]^^ moieties 
via a carboxylate group. Unexpectedly, the two Cu(II) exhibit totally different 
coordiination geometries. The coordination polyhedron around the metal ion can be 
described as a distorted trigonal bipyramid [61]. 
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Fig. 9. The molecular structure of [Cu(phen)2Cu(imda(Phen)] showing the atomic labelling 
scheniie. Thermal ellipsoids are drawn at 50% probability. H atoms, solvent molecules and 
counter ions have been omitted for clarity. 
Fig. 10. The H-bonding network and octahedral coordination geometry around metal atom in 
[Cu(phen)2Cu(imda(Phen)], [symmetry codes: (i) x-1, y, z]. 
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Fig. 11. The K-K stacking interactions in [Cu(phen)2Cu(imda(Phen)]. Solvent molecules and 
counter ions have been omitted for clarity, [Symmetry codes: (ii) 1-x, -y, 1-z]. 
The H-bond and pi-pi interaction in mixed ligand complexes generally result 
in the formation of a supramolecular framework. The supramolecular chemistry was 
first introduced in 1978 [62] as the chemistry of molecular assemblies. 
Supramolecular chemistry is the chemistry of intermolecular bonds comprising of 
strong electrostatic interactions and often weak interactions including hydrogen 
bonding, Vander Waals forces, etc. by the theme of mutual recognition. Molecules 
recognize each other through a complex combination of geometrical and chemical 
factors and the complementary relationship between interacting molecules is 
characteristic of recognition process [63]. Supramolecules are not just collection of 
molecules and their structures but the characteristic properties are distinct from the 
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aggregate properties of their molecular constituents. The construction of a 
supramoleciilar structure from molecular components implies a detailed and precise 
knowledge of the chemical and geometrical properties of intermolecular interactions 
[64]. Although supramolecular chemistry is still novel, it has drawn a great deal of 
attention for further investigation. Since supramolecular chemistry is a highly 
interdisciplinary field of science covering the chemical, physical, and biological 
features of the chemical species of greater complexity than molecules themselves 
[65]. Coordination chemistry of metal-carboxylate species is an attractive subject 
from the bioinorganic standpoint because the carboxylate group of glutamate and 
aspartate works as a supporting ligand for the metal centers in various metallo-
proteins. The carboxylate group is also suggested to play an important role for 
structural holding and proton transfer via a hydrogen bonding interaction in proteins. 
Reports on metallo-proteins reveal the variety of the coordination mode of the 
carboxylate ligands and the formation of the hydrogen-bonding interaction with the 
other fiinctions [66]. Dinuclear carboxylate-bridged complex is the most attractive 
synthetic target because the carboxylate bridged bimetallic core is the common 
structural motif of the various proteins [67], The pH of the reaction mkture plays an 
important role [68] in deciding the formation of the carboxylate bridged complexes 
as mononuclear or polynuclear unit. By adjusting a suitable pH, one can obtain 
desired product under certain conditions [68]. 
Organometallic compounds comprise an important class of antitumor agents 
[69]. Among the organometallic compounds organotin carboxylates have been 
shown increasing interest due to their activity against various types of cancer. In fact 
many of the di-n-butyltin(IV), tri-n-butyltin(lV) and triphenyltin (IV) complexes 
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display interesting antitumor activities. Recent woric also reveals higher antitumor 
activities tor various di- and tri-organotin fluoro-substituted carboxylates than their 
non-fluorinated analogues [70]. Another aspect of major interest in organotin 
carboxylates is of their structural diversity. Besides diorganotin dicarboxylates, 
triorganotin esters also show rich and diverse structural chemistry. For example the 
structures of triorganotin carboxylates range from a discrete form to polymer chain 
as shown in Fig. 12. 
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Organotin carboxylates have been the subject of interest for some time 
because of their biochemical and commercial applications [70]. In general, the 
biochemical activity of organotin carboxylates is influenced greatly by the structure 
of the molecule and the coordination number of the tin atoms [71]. Recent review on 
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structures of organotin carboxylates has demonstrated that when a 1:1 (tin/ligand) 
ratio is used, there are five types of structures adopted in the crystalline state by the 
dimeric dicarboxylatorganodistannoxanes [70,72]. A characteristic feature of these 
complexes in the solid state is their dimerization that results in the so-called ladder or 
staircase arrangement that contains a central planar Sn202 four-membered ring. 
When a 1:2 ratio is used, a diorganottn dicarboxylate is formed. They are mono-
structural and the Sn atom has skew-trapezoidal planar geometry [70,73]. Despite 
such extensive studies being carried out on theme, the report on the formal 
coordination to the Sn atoms of additional hetero-atoms in these organotin 
carboxylates is rare [74]. The recent interest in this field is to investigate whether or 
not the hetero-atoms (N, O or S) of the functionalized poiycarboxylic acid 
derivatives as chelating ligands could influence the coordination mode and further 
help the self-assembly to result in MOF. Reaction of di-n-butyltin oxide with the 
polydentate ligands like, 2-pyrazinecarboxylic acid; (2-pyrimidylthio) acetic acid; 1-
naphthoxyacetic acid and 2-naphthoxyacetic acid etc. were undertaken by various 
workers. With 1:1 ratio (tin:ligand), four different types of di-n-butyltin(IV) ladder 
complexes (1-4) with general molecular formulae {[nBu2Sn(02CR)]20}2.L [L = 
H2O, R = 2-pyrazine (1); L = 0, R = 2-pyrimidylthiomethylene (2), 1-
naphthoxymethylene (3); L = CeHe, R = 2- naphthoxymethylene (4)] (Fig. 13). With 
1:2 ratio, another four mononuclear complexes 5-8 are obtained and the general 
formula is nBu2Sn(02CR)2Y [Y = H2O, R = 2- pyrazine (5); Y = 0, R = 2-
pyrimidylthiomethylene (6), 1-naphthoxymethylene (7) or 2-naphthoxymethylene 
(8)] (Fig. 14). 
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Fig. 13. Crystal structure of {[nBu2Sn(02CN2H3C4)]20}2.H20. 
Fig. 14. Crystal structure of nBu2Sn(02CN2H3C4)2(H20). 
Organotin(IV) complexes have been demonstrated to exhibit relatively high 
antiturnour activity, as emphasized in recent surveys [69]. To date, several papers 
have dealt with the structures of the complexes of organotin(l V) carboxylates with 
N-donor ligand in an aromatic ring. Pyridine-2,6-dicarboxylic acid (or dipicolinic 
acid) which contains [N,0,0] biting centres displays widely varying coordination 
behaviour, functioning as a multidentate ligand. These ligands form stable chelates 
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with simple metal ions and oxo-metal cations. Dipicolinic acid can also stabilize 
unusual (higher or lower) oxidation states of the metal ions. The other isomeric 
p>Tidine-dicarboxylic acids, e.g. pyridine-2,3-, 2,4- and 2,5-dicarboxylic acids, have 
also been exploited as bidentate (chelating) [N,0,0] donors. 
Most of the tin(lV) compounds screened for antitumor activity with 
satisfactory results were diorganotin complexes [69] displaying an octahedral 
environment [75] at the metal fragment with the Sn-N distances greater than 2.39 A 
[76]. In the last decade it has been shown that those complexes containing two butyl 
groups at the tin centre exhibit the highest activity [69] e.g. the diorganotin 
derivatives having 2,6-pyridinedicarboxylate as ligand exhibited interesting and 
better biological activities [77]. The synthetic pathway of reactions between 
diorganotin halides with carboxylic acids, normally involves two-step synthetic 
procedures. The first step involves the preparation of organotin oxides from the 
appropriate halide, and in the second step, reaction of the organotin oxide with 
carboxylic acid in an EtOH/benzene mixture may result in the fmal desired products. 
The X-ray structure of dinuclear diorganotin derivatives [Et2Sn(pda)2H20]2 and 
[nBu2Sn(pda)2]2 are shown in Figs. 15 (a) and (b). 
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Fig. 15 (a). Crystal structure of [nBu2Sn(pda)2]2 
0<t) 
Fig. 15 (b). Crystal structure of [Et2Sn(pda)2H20]2 
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The oxydiacetate anion [oda '^ = 0(CH2COO)2 "^] is also a versatile ligand 
with [0,0,0] donor sites fiom two carboxylate groups and from an ethereal flinction 
(Fig. 16) [78] It has been widely explored as a multidentate bridging and chelating 
unit toward several metal acceptors [79] mainly d [80] and f [81] block metals. 
Spectral and structural studies on a number of metal complexes have shown that the 
H2oda ligand may bind in mono-, bi-, tri-, and multidentate fashion but can also exist 
as an anionic non-coordinated species [82]. The more usual chelating mode is 
tridentate, whereby two isomers may be possible, where oda'~ is planar [83] or 
puckered [80]. Moreover, in several cases oda^ ~ can act further as a connecting donor 
in various homo and hetero-metallic extended solids, generally structured as two-
dimensional sheets with oda^  ligands connecting the metal centers through the 
carboxylate groups [84]. There has been some interest in incorporating tin(IV) 
carboxylate groups into polymers because of their potential as slow-release 
antifouling coatings on ships [85]. There are some reports [86] on the study of the 
interaction of Hioda and H2ida with R2Sn'^  moieties in the presence of strong bases 
to produce some dinuclear and the polynuclear compounds as given in the Fig. 16. 
The coordination chemistry of lanthanides has become of increasing 
significance in the last few years due to the wide variety of potential applications of 
lanthanide complexes. These applications include the use of luminescent complexes 
both in medicine as luminescent probes [87] and in the area of supramolecular 
photochemistry [88], optical amplifications in fibre optic telecommunications and 
the use of highly paramagnetic complexes as contrast agents to enhance the output 
from magnetic resonance imaging (MRI) scanners [89]. 
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Fig. 16. Synthetic route for some polynuclear diorganotin complexes of Hioda and H2imda. 
A number of lanthanide complexes have been exploited to serve as models 
for explaining the various phenomenon exhibited by metallo-biosites [90]. During 
the past three decades, many efforts have been made to characterize the nature of 
metal-ion linkages at the active centers of metallo-proteins. The synthesis of metal 
complexes containing ligands which have very close structural features of the 
biomolecules, have been undertaken by bio-coordination chemists in this regard. 
[midai:oles and its derivatives, which have a broad biological significance, have been 
found to behave as potential chelating agent to bind eflfectively the metal ions. The 
coordination ability of a polydentate fiinctionalized derivatives are reported in 
literature [91] and some of them have been structurally characterized [92]. The 
bridging moieties between the benzimidazole groups in the ligand and the type of 
counter ions in the complexes seem to play important role in the supramolecular 
architecture. The use of low-molecular weight model compounds of these biological 
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macro-molecules has proved to be very usefiil and in some cases the only possible 
way to visualize the binding modes, structures and functions of the active sites. 
The presence of additional substituents containing nitrogen and/or oxygen 
donors, beside the imidazole rings, has been reported [91,92] to alter strongly the 
structure and properties of their complexes. Complexes of tetradentate tripodal 
ligands generally result in a coordinatively unsaturated penta coordinate geometry 
having an additional water molecule or counter ion in the coordination sphere. The 
formation of actual five coordinate structures either square pyramidal or trigonal 
bipyramidal strongly depends on the ligands topology, nature of the donor groups as 
well as the symmetry of the ligand and the constitution of the pendent arms or 
substituents. 
The Philippe's benzimidazole synthesis [93], which utilizes condensation of 
dinitrile with dimines at high temperature in presence of a catalyst were considered 
an established synthetic procedure. This procedure to synthesize 2-
phenylbenzimidazole produced only a trace yield [94] of the desired product. 
However, it was obtained in high yield if condensation is carried out in a sealed tube 
at 180° C in the presence of aq. HCl as catalyst. A few other 2-arylbenzimidazole 
have fjeen obtained in fair yield by this method [95]. It was reported [96] that the o-
phenylenediamuie reacts less readily with carboxylic acids in presence of aq. HCl. 
Hein and co-workers [97] found that polyphosphoric acid is a highly effective, 
convenient and very general catalyst for promoting condensations of this type and 
for promoting similar condensation leading to the benzoxazole and benzothiazole 
series. This also serves [97] as a suitable solvent for the effective condensation 
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reaction of carboxylic acids, amides, esters or even nitriles with aromatic diamines, 
o-aminophenols and o-aminothiophenols. A much better method to get such tripod 
ligand with imidazoline rings is reported to be the direct fusion of 
nitrilotriacetonitrile or nitrilotriacetic acid with o-phenylenediamine at high 
temperature, followed by recrystallization from methanol. Thompson and co-worker 
[98] have used identical synthetic procedure for preparation of a novel system 
namely tris(2-benzylimidazylmethyl)amine (ntb), which has the right geometrical 
features to be a stereo-chemically selective 'tripode' ligand. The molecule contains 
three benzimidzole rings attached to the backbone of an alkyl amine skelton (Fig. 
17). The ligand ntb acts as a tetradentate ligand in an approximately Csv-symmetry 
capable of forcing metal ions to adopt predominantly five coordinate trigonal-
bipyremidal structures. The resulting Co(ll) and Zn(II) complexes contain mixed 
stereochemistry e.g. five coordinate trional-bipyremidal cation [M(ntb)X]^ and four 
coordinate tetrahedral anions [MX4]^ " (M = Co, Zn; X = CI, Br, NCS). 
Fig. 17 
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It was therefore thought worthwhile to design a ligand system analogous to 
ntb, which may instead specifically provide a tridentate coordinating site in C2v 
symmetry capable of forcing metal ion to result in coordinatively saturated structural 
features of the resulting complexes. 
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Chapter 2 
Synthesis, X-ray crystallography, spectroscopic 
characterization and biological activities of mixed 
ligand complexes of iminodiacetic acid containing 
a-diimine as auxiliary ligand 
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INTRODUCTION 
The treatment of infectious diseases still remains an important and 
ciiailenging problem because of a combination of factors including emerging 
infectious diseases and the increasing number of multi-drug resistant microbial 
pathogens. A large number of antibiotics and chemotherapeutics are available for 
medical use in treatment of antifungal as well as antibacterial infections. However, 
the emergence of antibiotic or drug resistance to some of these diseases is well 
known in the last decades. The investigation to develop new classes of antimicrobial 
agents for a substantial medical need has always been a challenge to chemists. There 
is a real perceived need for the discovery of new compounds endowed with 
antimicrobial activity, possibly acting through mechanism, which are distinct from 
those of well-known classes of antimicrobial agents to which many clinically 
relevant pathogens are now resistant. 
Functionalized dicarboxylic acids and their metal complexes have potential 
uses for developing such pharmaceutical agents [1]. The coordination chemistry of 
iminodiacetic acid (Haimda) has been a subject of continuous investigations due to 
its tridentate chelating behaviour towards metal ions resulting in complexes which 
show structural diversities [2]. In aqueous biological pH range (pH = 6-7), the 
carboxylic acid protons of H2imda dissociate to give iminodiacetate (imda^") dianion 
which is quite reactive to transition metal ions forming metal iminodiacetate 
complexes [3]. Reactions of metal iminodiacetate with an a-diimine viz. 1,10-
phenanthroline (Phen) or 2,2'-bipyridine (bipy) produce mixed-ligand complexes, 
some of which have been successfully exploited as model compounds to explain 
binding modes and structural features in several metalloenzymes [4]. Several mixed-
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ligand complexes have been found to exhibit superoxide dismutase activity [5,6], 
which is related to the flexibility of the geometric transformation around the metal 
centres [7]. Moreover, some of these complexes play a decisive role not only in 
activation of enzymes but also in the storage and transport of active substances 
through biological membranes [8]. Transition metal ternary complexes have received 
particular focus and have been employed in mapping protein surfaces [9], as probes 
for biological redox centers [10] and in protein capture for purifications [11]. 
The study of the structure of model ternary complexes provides information 
about how biological systems achieve their specificity and stability, as well as 
strategies to improve these features for biotechnological applications. Ternary 
complexes of oxygen donor ligands and heteroaromatic N-bases have been of special 
interest as they can display exceptionally high stability [12]. X-ray structural data of 
the ternary complexes [2,3] with iminodiacetate (imda"^ ") or its substituted analogues 
as primary ligand and N-donors as secondary ligand have revealed the influence of 
the secondary (auxiliary) ligand on the conformations of the primary iminodiacetato 
ligands. Studies of such complexes have also explained the observed changes in the 
protein conformations at the metal-protein centers in the absence as well as in the 
presence of appropriate substrates [13]. The structure of the ternary complexes 
bearing the composition M/H2imda/N-heterocycle in the mole ratio 1/1/2 display a 
hexacoordinate elongated octahedral (4+1+1) geometry where imda is in a fac-
tridentate conformation [14]. Complexes having the composition M/Haimda/N-
heterocycle in 1/1/1 mole ratio, invariably adopt a five coordinate square pyramidal 
(4+1) coordination geometry. The possibility of the rarely observed mer-tridentate 
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[15] chelation giving an elongated six coordinate octahedral (4+1+1 or 4+2) 
coordijiation geometry, as observed in the present case, may not be ruled out. 
Prompted by the biological activities exliibited by the transition metal 
ternary complexes and also the possible structural diversities, it was contemplated to 
design the syntheses of mixed-Iigand metal iminodiacetate complexes and to pursue 
in-vitro antimicrobial and superoxide dismutase (SOD) activities. 
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EXPERIMENTAL 
Materials 
Metal salts (Merck), 1, lO-phenanthroline (Merck) and iminodiacetic acid 
(Aldrich) were used for the synthesis. Ultrapure water was used for all experiments. 
The a)mmercial solvents were distilled and then used for preparation of complexes. 
Instruimentation 
Melting points were determined by open capillary method and are 
uncon-ected. The IR spectra (in KBr pellets) were recorded on a Shimadzu FT-IR 
157 spectrophotometer. 'H and '^ C NMR spectra were recorded on a Varian Mercury 
Plus 300 spectrometer using TMS as an internal standard. The X-band EPR spectra 
was taken at room temperature as well as liquid nitrogen temperature on a Varian E-
112 spectrometer operating at 9.1 GHz. FAB-Mass spectra were recorded on Jeol 
SX-102/DA-6000 mass spectrometer using argon (6 kV, 10 mA) as the FAB gas. 
The accelerating voltage was 10 kV and the spectra were recorded in w-nitrobenzyi 
alcohol (NBA) matrix. The purity of the complexes was checked by thin layer 
chromatography (TLC) on silica gel plate using a mixture of petroleum ether and 
ethyl acetate. 
X-ray ciystallographic data collection 
Single-crystal X-ray diffraction of complex (1) was performed on a 
BRUKER SMART 1000 CCD diffractometer equipped with a graphite crystal 
monochromator situated in the incident beam for data collection. The structure of the 
complex (1) was solved by direct methods and refined against F^ using the 
34 
SHELXL-97 software [16j. The X-ray data of the complex was recorded at ITT, 
Kanpur. 
Synthesis of the complexes 
Synthesis of [Cu(imda)(Phen)(H20)] -IHzO (1) 
A mixture of iminodiacetic acid (5 mmol, 0.67 g) and 1,10-phenanthroline (5 
mmol, 0.90 g) in H2O (15 mL) was stirred for 1 h at room temperature forming a 
homogeneous orange coloured clear solution. Aqueous solution of Cu(0Ac)2 H2O (5 
mmol, 0.92 g) was added affording an immediate blue coloured precipitate (1). The 
solid was filtered off dried and then recrystallized in ethanol, which produced crops 
of light blue cubic crystals. 
Yield 70%, m.p. 210 °C, Anal Calc. for CgHifeCuNjOT: C 45.13, H 3.79, N 9.8; 
Found: C 45.08, H 3.37, N 9.4. IR (KBr, v cm'): 1625 (COO), 422 (Cu-N), 1580-
1430 (C<: and C=N), 3431 (H2O). 'H NMR (<5ppm, D2O) (300 MHz): 3.49 (2H, s, 
CH2), 10.22 (IH, s, iminic NH), 7.6-8.8 (8H, m, aromatic protons), 2.1 (2H, s, 
coordinated H2O). '^ C NMR (Sppm, D2O) (75 MHz): 37, 121, 127, 129, 136, 139, 
176. 
Synthesis of (Co(imda)(Phen)(H20)] 4H2O (2) 
The reaction of iminodiacetic acid (5 mmol, 0.67 g) with CoCl2'6H20 (5 
mmol, 1.2 g) was carried out in H2O (15 mL) in presence of triethylamine (1 mL) 
with overnight stirring at RT producing a pink coloured solid. The hot aqueous 
solution of this intermediate solid was further reacted with 1,10-phenanthroline (5 
mmol, 0.90 g) taken in ethanol (5 mL), which resulted in the formation of an 
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immediate orange coloured microcrystalline solid (2). The recrystallization of the 
product, however, could not produce well defined crystals suitable for X-ray 
crystallography. 
Yield 65%, m.p. 215 °C, Anal Calc. for CgHzsCoNiOg: C 41.75, H 5.04, N 9.13; 
Found: C 41.65, H 5.1, N 9.18. IR (KBr, v cm'): 1628 (COO), 419 (Co-N), 1578-
1435 (C=C and C=N), 3425 (H2O). 'H NMR (Sppm, D2O) (300 MHz): 3.48 (2H, s, 
CH2), 10.49 (IH, s, iminic NH), 7.4-8.6 (8H, m, aromatic protons), 2.0 (2H, s, 
coordinated H2O). '^ C NMR (<5ppm, D2O) (75 MHz): 35, 122, 127, 136, 137, 129, 
174. 
Synthesis of |Ni(imda)(Phen)(H20)] 3H2O (3) 
A mixture of Iminodiacetic acid (5 mmol, 0.67 g) and NiCh 6H2O (5 mmol, 
1.2 g) in H2O (15 mL) in presence of few drops of triethylamine was refluxed for 4 h 
forming a light green clear solution. It was brought to room temperature, 1,10-
phenanthroline (5 mmol, 0.90 g) was then added in batches producing a green 
coloured solid (3) after '/j h stirring. Here too, recrystallization could not provide 
crystals suitable for X-ray crystallography. 
Yield 62%, m.p. 218 °C, Anal Calc. for CgHziNiNjOg: C 43.57, H 4.79, N 9.51; 
Found: C 43.1, H 4.35, N 9.24. IR (KBr, v cm"'): 1620 (COO), 421 (Ni-N), 1575-
1430 (C=C and C=N), 3430 (H2O). 'H NMR (Sppm, D2O) (300 MHz): 3.51 (2H, s, 
CH2), 11.10 (IH, s, iminic NH), 7.5-8.7 (8H, m, aromatic protons), 2.3 (2H, s, 
coordinated H2O). '^ C NMR (Sppm, D2O) (75 MHz): 36, 120, 126, 128, 134, 138, 
177. 
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Synthesis of {Cr(iinda)(Phen)(H20)] 4H2O (4) 
It was prepared in the same manner as discussed above using Iminodiacetic 
acid (5 mmol, 0.67 g), CrCb (5 mmol, 0.61) and 1,10-phenanthroline (5 mmol, 0.90 
g) in an inert atmosphere. The green sohd (4) thus obtained could not produce 
suitable crystals even after repeated crystallizations. 
Yield 69%, m.p. 205 °C, Anal Calc. for Ci6H,9CrN309: C 42.77, H 4.26, N 9.35; 
Found: C 42.73, H 4.38, N 9.24. IR (KBr, v cm"'): 1622 (COO), 418 (Cr-N), 1577-
1427 (C-<: and C=N), 3428 (H2O). 'H NMR (<5ppm, D2O) (300 MHz): 3.52 (2H, s, 
CH2), 10.37 (IH, s, iminic NH), 7.6-8.6 (8H, m, aromatic protons), 2.1 (2H, s, 
coordinated H2O). '^ C NMR (Sppm, D2O) (75 MHz): 34, 123, 128, 130, 133, 137, 
175. 
Microbial Analyses 
Antibacterial screening was performed by the established disc diffusion 
method and ciprofloxacin was used as the standard. Antifungal screening was done 
by agar diffusion method and Greseofulvin was used as standard. The stains used 
were Escherichia coli (K-12), Bacillus subtilis (MTCC-121), Staphylococcus aureus 
(IOA-SA-22), Salmonella Typhymurium (MTCC-98), Candida albicans, Aspergillus 
fiimigatus and Penicillium mameffei. The SOD activity of the complex was 
investigated by NBT assay at pH 7.8. 
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RESULTS & DISCUSSION 
Ternary complexes [Cu(imda)(Phen)(H20)] 2^120 (1), 
[Co(imda)(Phen)(H20)] 4H2O (2), [Ni(imda)(Phen)(H20)] SHzO (3) and 
[Cr(imda)(Phen)(H20)] 4H2O (4) were synthesized by reacting metal salts, 
copper(II) acetate or MCI2 ( M = Co, Ni and Cr) with iminodiacetic acid (H2imda) in 
presence of 1,10-phenanthroline (Phen) in stoichiometric ratios under the ambient or 
refluxing conditions. The reaction sequences are outlined in Schemes 1 and 2. The 
recrystallization of the copper complex (1) in ethanol has produced cubic crystals 
suitable for X-ray crystallography. Analytical data of the compounds are consistent 
with their proposed molecular formulae. 
HO ^ ^ ^ ^ OH 
Iminodiacetic acid (H2imda) 
RT/H7O 
Stirred 
Clear Orange solution 
-N N-
,10-Phenanthroline (Phen) 
Cu(OAc)2H20 
[Cu(imda)(Phen)(H20)] •2H2O (1) 
Scheme 1. Synthetic procedure of the complex (1). 
^ X .N J l ^ + MCi2 
HO^ ^ - ^ ^ - ^ ^ O H 
Iminodiacetic acid (H2imda) 
(i)Et3N/H20/stirring 
^ 
(ii)l,10-Phenenthroline / EtOH 
[M(imda)(Phen)(H20)] XH2O 
M = Co (x = 4X2), Ni(x = 3X3) or 
Cr(x = 4X4) 
Scheme 2. Synthetic procedure of the complexes (2-4). 
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FAB-Mass spectra 
The FAB-Mass spectra of the compounds recorded in m-nitrobenzylalcohol 
(NBA) matrix contained several strong intensity peaks which are due to the 
molecular ions as well as the species generated jfrom the thermal fragmentations of 
the corresponding molecular ions. The peaks observed at m/z = 393 (1), 390 (2), 387 
(3) and 379 (4), are consistent with the molecular ions [Cu(imda)(Phen)(H20)+H]^ 
[Co{imda)(Phen)(H20)+2H]', [Ni(imda)(Phen)(H20)]^ and [Cr(imda)(Phen)(H20)-
2H]\ respectively. However, these molecular ions lose [26] exocyclic ligands i.e. the 
coordinated water molecule in a step-wise manner, giving the peaks for the 
corresponding species [Cu(imda)(Phen)]^ {m/z = 374), [Co(imda)(Phen)+H]^ (m/z = 
371), [Ni(imda)(Phen)-H]" {m/z = 368) and [Cr(imda)(Phen)+H]^ {m/z = 364). The 
dissociation of the auxiliary ligand i.e. 1,10-phenanthroline has produced [M(imda)]^ 
as the ultimate product in all the cases suggesting that the ultimate fragmentation 
product in each case is quite stable even under the FAB-Mass condition. The FAB-
Mass studies, therefore corroborate that the imda '^ anion binds metal ions with 
stronger coordinate-covalent bonds compared to that provided by the auxiliary ligand 
1,10-phenanthroline, albeight, 1,10-phenanthroline is a well known strong chelating 
agent. The chelation from carboxylate group of imda^ " towards metal ion is 
apparently stronger owing to the fact that the M-O bonds have significant covalent 
character compared to the M-N coordination/chelation. 
IR spectra 
In the IR spectra of the compounds v(C=N) and v(C=C) str. vib. bands were 
observed in 1580-1427 cm ' region. The presence of a band of medium intensity 
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appearing at ~420 cm ' is consistent with the formation of M-N bond(s) in the 
molecule, A well separated strong intensity absorption band near 1625 cm' and 
1303 cm"' are assignable to Vasym(COO) str. and Vsym(COO) str. vib., respectively 
[17]. The separation of the Vasym and Vsyn,(COO) str. vib. [Av = v^m{C00y-
Vsym(COO) -300 cm'] is very large indicating a strong bidentate chelation from the 
anionic COO" group of imda^ " moiety to the metal ion in all the complexes [17]. The 
obsenred negative shift in v(C-N) str. vib. (~I00 cm"') relative to that observed in 
free uncoordinated H2imda moiety ftirther corroborates the additional coordination 
from the iminic nitrogen of the iminodiacetate moiety. The presence of coordinated 
water molecule as well as the lattice water was also indicated as a broad band in 
3500-3200 cm"'region [17]. 
'H and "C NMR spectra 
The 'H NMR spectra of the complexes recorded in D2O showed a singlet at 
3.40-3.52 ppm attributable to -CH2- protons. Iminic -NH- proton in the complexes 
resonates as a singlet at about 10.22-11.10 ppm. The aromatic protons characteristic 
of phenanthroline appeared as multiplets in 7.4-8.8 ppm. In '^ C NMR spectra, the 
resonance signals due to carbons of the >C=0 and -CHj- groups appeared near 176 
ppm and 43 ppm, respectively. The resonance peaks characteristic of aromatic ring 
carbons appear in 120-139 ppm region. However, a sharp signal observed at 150 
ppm is assignable to the a-diimine (Phen) carbon bonded to heterocyclic nitrogen. 
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EPR spectra 
The X-band EPR spectra of the complex (1) recorded at room temperature as 
well as liquid nitrogen temperature were identical exhibiting an anisotropic 
behaviour with g|| = 2.32 and gs. = 2.13. The observed anisotropy in the 
spectroscopic Lande parameter (g|>gi>2.00) indicates an axial distortion around 
Cu(Il) (d )^ system which arises due to a strong Jahn-Teller distortion [18]. 
Single crystal X-ray diffraction studies 
The crystal data with structure refinements are given in Table 1. The 
molecular structure and packing diagrams are shown in Figs. 1 and 2, respectively. 
The structure consists of a discrete monomeric unit in which Cu(Il) ion acquires an 
un-symmetrically elongated hexagonal coordination geometry. The iminodiacetate 
(imda^ ~) acts as a tridentate chelating ligand with one carboxylato-0(03) and imino-
N(N3) sites as part of the equatorial coordination basal plane whose other donor sites 
are the two N-atoms (Nl and N2) of the coordinated heterocycle (Phen). However, 
the second carboxylato-O(Ol) of imda and the coordinated H20-O(05) form the 
axial bonds. The axial Cu-OI and Cu-05 bond lengths are much longer than the 
Cu-03 and Cu-N bonds of the basal plane due to Jahn-Teller distortion forming a 
4+1+1 type coordination geometry with longitudinal tetragonal distortions (axial 
elongation). The average deviation between the apical and basal Cu-0 bond distance 
is -0.357 A and the extent of tetragonality (T) defined [15] as the ratio of the mean 
in-plane bond distance to the mean of larger distance is -0.87. The magnitude of T 
for the present complex is rather small compared to the reported [19] values (T = 
0.91-0.96) for a gross axially distorted octahedral structure in the presence of Jahn-
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Teller distortion [18]. Each discrete unit is joined together through a wide spread H-
bonds and n-n interactions to constitute a supramolecuiar network [Figs. 3(a) and 
3(b)]. 
It is apparent from Fig. 3(a) that water molecules (coordinated as well as 
lattice) act as bridges through H-bonds between each monomeric unit to generate a 
stable polymeric structure. The observed H-bond distance [d(0••••H-0) = 1.975 A] is 
shorter compared to the reported [15] value [c.f. d(0-H-O) = 2.728 A]. The 
observed centroid(;r)-centroid(;r) distance i.e. d{jt-7c) = 3.678 A, indicates an 
effective participation of the side-on (ring-ring) it-n interactions between the 
phenanthroline rings of the neighbouring layers [Fig. 3(b)] in the stacking or 
molecular recognition process [14]. 
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Table 1. Crystal data and refinement parameters. 
CCDC deposit No. 
Empirical formula 
Formula weight 
Crystal system 
Colour/ Shape 
Space group 
Unit cell dimensions 
V(A^) 
Crystal size (mm) 
Z 
T(K) 
A(Mo,l^)(A) 
e range (°) 
Limiting indices 
Structure solution 
Total reflections 
Reflections gt. 
No. of refined parameters 
Goodness of fit on F^ 
Final R indices [l>2a(I)] 
R indices (all data) 
681969 
C,6H,6CUN307 
425.87 
Triclinic 
Light Blue/ Cubic 
P-1 
a (A) - 6.745(5) 
b(A) - 10.551(5) 
c(A) - 11.414(5) 
a(°) - 95.770(5) 
y9(°) - 9L396(5) 
y(°) - 92.518(5) 
807.1(8) 
0.20x0.15x0.10 
2 
293(2) 
0.71069 
2.51-25.99 
-8<h<8 
-12<k<12 
-14<1<14 
Direct method (SHELXL-97) 
3080 
2775 
260 
1.09 
R, = 0.0494. wR2= 0.1330 
Ri-0.0542, wR2= 0.1382 
Important bond lengths are: Cu-03 = 1.980(3), Cu-N2 = 2.010(3), 
Cu-Nl = 2.029(3), Cu-N3 = 2.043(3), Cu-Ol = 2.313(3), Cu-05 = 2.362(3). 
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CIS 
Fig. I. ORTEP view of the copper complex (I) with 50% probabih'ty of thermal ellipsoids. 
(Hydrogen atoms and lattice water molecules have been omitted for clarity). 
Fig. 2. Packing diagram of the complex (1). 
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Fig. 3(a). A supramolecular network of the complex (1) constructed from H-
bonding. 
Fig. 3(b): Two layers of the complex (1) showing jc-n interactions between phenanthroline 
rings [dirc-Tt) = 3.673 A] and stabilizing the supramolecular framework. 
45 
Biological activities 
Ali compounds were evaluated for theii antimicrobial properties. MfCs were 
recorded as minimum concentration of tiie compound, wiiich inhibits the growth of 
tested microorganism. Complexes (1) and (2) showed good activities while (3) and 
(4) were found to be less active or inactive against some of the bacterial and fungal 
stains (Tables 2 and 4). The copper complex (1) also exhibited superoxide dismutase 
(SOD) activity. 
Antibacterial studies 
The newly prepared compounds were screened for their antibacterial activity 
against Escherichia coli (K-12), Bacillus subtilis (MTCC-121), Staphylococcus 
aureus (IOA-SA-22) and Salmonella Typhymurium (MTCC-98) bacterial stains by 
disc diffusion method [20,21]. The discs measuring 5mm in diameter were prepared 
from Whatman no.l filter paper sterilized by dry heat at 140 °C for Ih. The sterile 
discs previously soaked in a concentration of the test compounds were placed in a 
nutrient agar medium. The plates were inverted and kept in an incubator at 30±l °C. 
The inhibition zone thus formed was measured (in mm) after 24 h (Table 2). The 
screening was performed at two different concentrations i.e. 1 \ig/mL and 100 ^ g/mL 
and ciprofloxacin was used as the standard. Minimum inhibitory concentrations 
(MICs) were determined by broth dilution technique. The nutrient broth, which 
contained logarithmic serially two fold diluted amount of test compounds and 
controls were inoculated within approximately 5 x 10^  c.f.u. of actively dividing 
bacteria cells. 
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Table 2. Zone of inhibition (mm) of the complexes 
Complex 
Cone, (ng/ml) 
(1) 
(2) 
(3) 
(4) 
Escherichia 
coll 
1 
33 
18 
12 
0 
100 
10 
13 
7 
0 
Bacillus 
subtilis 
1 
30 
17 
13 
19 
100 
19 
14 
11 
15 
Staphylococcus 
aureus 
1 
35 
9 
0 
14 
100 
17 
7 
0 
5 
Sahnonella 
Typhymurium 
1 100 
29 13 
16 14 
0 0 
0 0 
The cultures were incubated for 24 h at 37 °C and the growth was monitored 
visually and spectrophotometrically. The lowest concentration (highest dilution) 
required to arrest the growth of bacteria was regarded as minimum inhibitory 
concentration (MIC). To obtain the minimum bacterial concentration (MBC), 0.1 mL 
volume was taken from each tube and spread on agar plates. The number of c.fu. 
was counted after 18-24 h of incubation at 35 °C. MBC was defined as the lowest 
drug concentration at which 99.9% of the inoculum was killed. The minimum 
inhibitory concentration and minimum bacterial concentration are given in Table 3. 
The investigation of antibacterial screening data revealed that all the tested 
compounds showed moderate to good bacterial inhibition. Copper complex showed 
good inhibition against all bacteria at 1 jig/mL concentration. Cobalt complex 
showed slightly less activity than that of copper complex. Nickel complex was found 
to be inactive against staphylococcus aureus and salmonella typhymurium while 
chromium complex showed no activity towards bacillus subtilis and salmonella 
typhymurium. 
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Table 3. MIC and MBC results of the complexes. 
Complex Escherichia Bacillus staphylococeus Solmonella 
coli subtilis aureus typhimurium 
(1) 
(2) 
(3) 
(4) 
Standard 
MIC 
6.25 
12.5 
6.25 
0 
6.25 
MBC 
12.5 
6.25 
12.5 
0 
12.5 
MIC 
6.25 
12.5 
6.25 
0 
6.25 
MBC 
6.25 
6.25 
6.25 
0 
12.5 
MIC 
25 
6.25 
0 
12.5 
6.25 
MBC 
12.5 
6.25 
0 
6.25 
12.5 
MIC 
12.5 
6.25 
0 
6.25 
12.5 
MBC 
25 
12.5 
0 
6.25 
12.5 
Ciprofloxacin is used as the standard. MIC (^g/^ll) = muiimum inhibitory concentration, i.e. the lowest 
concentration to completely inhibit bacteria! growth; MBC (ng/ml) = minimum bactericidal 
concentTation, i.e., the lowest concentration to completely kill bacteria. 
Antifungal studies 
The newly prepared complexes were screened for their antifungal activity 
againsit Candida albicans, Aspergillus fiimigatus and Penicilliura mameffei by agar 
diffusion method [22,23]. Sabourands agar media was prepared by dissolving 
peptone (Ig), D-glucose (4 g) and agar (2 g) in distilled water (100 mL) and 
adjusting pH to 5.7. Normal saline water was used to make suspension spore of 
fungal stain lawning. A loopflil of particular fungal stain was transferred to 3 mL 
saline to get suspension of corresponding species. Twenty milliliters of agar media 
was poured into each petri dish. Excess of suspension was decanted and plates were 
dried by placing in an incubator at 37 °C for Ih. Using an agar punch, wells were 
made and each well was labeled. A control was also prepared in triplicate and 
maintained at 37 °C for 3 ^ days. The fungal activity of each compound was 
compared with Greseofiilvin as standard drug. Inhibition zones were measured and 
compared with controls. The fungal zones of inhibition are given in Table 4. 
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TabJe 4. Zones of inhibition (mm) of the complexes 
Complex Candida albicans Aspergillus Peniciilium 
fumingatus marneffei 
(1) 28 29 19 
(2) 18 14 16 
(3) 13 0 9 
_(4} 15 n 0 
The cultures were incubated for 48 h at 35 °C and the growth was monitored. 
The lowest concentration (highest dilution) required to arrest the growth of fungus 
was regarded as minimum inhibitory concentration (MIC). To obtain minimum 
fungicidal concentration (MFC), 0.1 mL volume was taken from each tube and 
spread on agar plates. The number of c.fu. was counted as the lowest drug 
concentration at which 99% of the inoculum was killed. The minimum inhibitory 
concentration and minimum fungicidal concentration are given in Table 5. The 
antifungal screening data showed that only copper and cobalt complexes exhibited 
good activity. Nickel and chromium complexes are inactive towards Aspergillus 
fumingatus and Peniciilium marneffei respectively. 
Table 5. MIC and MFC results of the complexes 
Complex 
(1) 
(2) 
(3) 
(4) 
Standard 
Candida albicans 
MIC 
6.25 
6.25 
6.25 
6.25 
6.25 
MFC 
6.25 
12.5 
6.25 
6.25 
12.5 
Aspergillus 
fumingatus 
MIC 
6.25 
6.25 
0 
6.25 
6.25 
MFC 
12.5 
6.25 
0 
12.5 
12.5 
Peniciilium 
marneffei 
MIC MFC 
6.25 12.5 
6.25 6.25 
6.25 12.5 
0 0 
6.25 12.5 
Greseofijivin is used as the standard. MIC (fig/ml) = minimum inhibitory concentration, i.e. the lowest 
concentration to completely inhibit fungal growth; MFC (ng/ml) = minimum fungicidal concentration, 
i.e., the lowest concentration to completely kill fungus. 
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Superoxide dismutase (SOD) activity 
In order to check the antioxidant properties, the copper complex (1) was 
tested for superoxide dismutase activity by NBT assay. Several complexes 
containing transition metal [24] are known to give good SOD activity, although, their 
structures are totally unrelated with native enzyme [25]. Herein, we report the SOD 
activity measured at pH 7.8. The chromophores concentration required to yield 50% 
inhibition of the reduction of NBT (IC50) value of the present complex (i.e. 62 |4.mol 
dm"^ ) is higher than the value exhibited by the native enzyme (IC50 = 0.04 fimol 
dm~ )^. This higher value may be correlated to the presence of a mer-conformation of 
the primary (imda ) ligand as well as the greater ligand field crowding by the a-
diimine ligand (phen) over the central metal ion. A greater interaction between 
superoxide ion and Cu(II) in mixed ligand complex is due to strong axial bond [26], 
which results in an increased catalytic activity. 
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CONCLUSION 
Mixed-ligand ternary transition metal (i.e. Cu, Co, Ni and Cr) complexes 
bearing iminodiacetic acid ligand and 1,10-phenanthroline co-ligand, were 
synthesized and characterized from spectral methods. The complexes usually adopt a 
distorted octahedral geometry around the metal ion. Single crystal X-ray and EPR 
studies of [Cu(imda)(Phen)H20] ^ HaO (1) confirm an elongated hexa coordinate 
(4+1+1) geometry with mer-tridentate conformation of the primary iminodiacetate 
(imda'') ligand. Among the synthesized ternary complexes, copper and cobalt 
complexes showed remarkable antibacterial and antiilingal activities while nickel 
and chromium complexes exhibited comparatively less activities. The copper 
complex (1) was found to show relatively high superoxide dismutase (SOD) activity 
and can be used as potent antioxidant. 
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Chapter 3 
Synthesis, X-ray crystallography, spectroscopic 
characterization and antitumor properties of hepta 
coordinated dinuclear diorganotin(IV) complexes 
of iminodiacetic acid 
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INTRODUCTION >2*<lil) Lv,.-.«"»!3 
A(ic. No!:::. 
The importance of metal-based drugs in treatinent of various diseases was 
pioneered from the successful results by cisplatin [1]. Since then a number of other 
metal complexes have been investigated and organotin complexes received special 
interest [2]. Polynuclear organotin(IV) complexes [3] were found to give satisfactory 
results amongst the various Sn(IV) compounds screened for such investigations. 
Metal-directed self-assembly of metal organic frameworks (MOFs) or 
organometallic derivatives having various intriguing topologies have also been 
extensively studied [4,5]. An important objective in this regard is the synthesis of 
new water soluble polymetallic complexes which may be useful for testing the 
distinctive biological reactivity patterns. In recent years, diorganotin (IV) 
carboxylates have attracted the attention because of their biochemical and 
commercial applications [6]. In general, the biochemical activity of organotin 
compounds is influenced by the structure of the resulting complex molecules, 
henceforth, the coordination number around the tin metal [7-9]. This recognition of 
relations between the structure and the biological properties [10] becomes more 
pronounced for those organotin(IV) compounds which contain fonctionalized 
carboxylate moieties. Crystallographic data have also revealed that such complexes 
adopt structures which are dependent on both the nature of the alkyl (or aryl) 
substituents bound to the tin atom and the type of carboxylate derived ligands 
[11,12]. Moreover, the organotin (IV) complexes containing two butyl groups 
bonded at the tin(IV) centre possessed the highest biological activity compared to 
the other lower alkyl or allyl substituents [13]. Pyridine-2,6-dicarboxylic acid and 
iminodiacetic acid as well as their substituted analogues are apparently the potential 
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candidates to provide tridentate biting [N,0,0] sites available to bind the metal ions. 
Mononuclear as well as dinuclear diorganotin(IV) derivatives containing pyridine-
2,6-dicarboxylate complexes [14-16], some of which exhibit in-vitro antitumor 
activities, are known. However, the polynuclear diorganotin(IV) complexes with 
hepta coordinated {Sn} metal of an analogous functionalized dicarboxylate moeity 
such as iminodiacetate dianion (imda^~), have not been tested for biocidal as well as 
antitumor activities in vitro. Iminodiacetic acid is a potential tridentate [N,0,0] 
chelating agent [17] forming transition metal complexes whose X-ray 
crystallographic studies indicate the presence of metal-organic framework through 
H-bonding and TC-JC interactions. These complexes exhibit antimicrobial and 
superoxide dismutase (SOD) activities. This contemplated us to carry out the 
synthesis of a few diorganotin(IV) complexes incorporating iminodiacetate (imda^ ~) 
dianion with a view to investigate if these complexes may be exploited for antitumor 
activities. Here-in, we report the preparation of [n-Bu2Sn(imda)(H20)]2 Bipy (1) and 
[n-Bu2Sn(imda)(H20)]2 Phen (2) which were characterized by IR, 'H, '^C, "^Sn 
NMR and Sn Mossbauer spectral data. The single crystal X-ray crystallographic 
data are also presented for the compound (1). 
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EXPERIMENTAL 
Materials 
Iminodiacetic acid (Merck), di-n-butyltin diacetate (Aldrich) and 2,2'-
bipyridine or 1,10-phenanthroline (Merclc) were used as received. The solvents used 
in the reactions were of AR grade and dried using standard literature procedures. 
Instrumentation 
IR spectra were recorded on a Perkin-Elmer spectrum GX automatic 
recording spectrophotometer as KBr disc. 'H and '•'C NMR spectra of the complexes 
were recorded on a Brucker DPX-400 spectrometer operating at 400 and 100.6 MHz, 
respectively, and with TMS as internal reference in CDCI3. "^Sn NMR spectra were 
collected at a spectrometer frequency of 186.4 MHz on a Varian UNITY 500 with a 
10 mm broad band probe. All samples were prepared in CDCI3 solution and chemical 
shift values were referenced externally with Me4Sn. Elemental analyses were 
performed on a PE-2400-11 elemental analyser. The "^Sn Mossbauer spectrum of the 
complex (1) in the solid state was recorded using a Model MS-900 (Ranger 
Scientific Co., Burleson, TX) spectrometer in the acceleration mode with moving 
source geometry. A Ca"^Sn03 source was used and the spectrum was measured at 
80 K using a liquid-nitrogen cryostat. The velocity was calibrated at ambient 
temperature using a composition of BaSnOs and tin foil (splitting 2.52 mms''). 
Tumor inhibiting effect of compounds (1) and (2) was tested in vitro by using the 
murine leukemia cell line P388 and human leukemia cell line HL-60 with the method 
of MIT. The human Lung Epithelial Cell line A-549 was tested with the method of 
SRB. 
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Synthesis of the complexes [n-Bu2Sn(inida)(H20)]2 -Bipy (1) and 
In-Bu:;Sn(imda)(H20)]2 Phen (2) 
Di-n-butyltin diacetate (5 mmol, 1.75 g) in 15 ml ethanol was added 
dropwise to a magnetically stirred aqueous solution (20 ml) of iminodiacetic acid (5 
mmol, 0.67 g) in presence of 2,2'-bipyrldine (2.5 mmol, 0.3 g) or 1,10-
phenanthroline (2.5 mmol, 0.45 g) at room temperature. The stirring was continued 
overnight and the solution was refluxed for 6 h. On cooling, colourless crystals of (1) 
and (2) were obtained in solution. However, only crystals of (1) were single and 
suitable for X-ray crystallography. 
Compound (1): yield 64%, m.p. 218 °C. Anal. Calc. for C34H54N40ioSn2: C 44.57, H 
5.94; N 6.12, Sn 25.91%; Found: C 44.24, H 5.99, N 6.11, Sn 25.86%. IR (KBr, cm" 
'): 1668, Vasym(COO); 1382, v^m(COO); 3086, 2928, v(CH3); 2958, 2876, v(CH2); 
1772, 1705, v(C=0); 1616, 1605, 1510, 1460, v(Ar); 685, v(Sn-O-Sn); 531, v(Sn-
C); 459, v(Sn-O); 466, v(Sn-N). 'H NMR (<5ppm, CDCI3,): 0.89 (t, CH3), 1.92 (t, 
aCH2), 1.71-1.84 (m, pCHz), 1.32 (h, yCH:), 3.91 (s, -CH2-CO), 2.35 (q, -NH-), 
7.23-8.48 (m, Ar), 3.42 (s, HjO). '^ C NMR (<5ppm, CDCI3,): 26.5 {aCHj, 962 Hz, 
'j('"Sn-''Ca)}, 26.3 OCH2), 26.2 (yCHj), 13.3 (CH3), 165 (COO), 56.4 (-CH2-
NH-), 125.6-147.1 (m, Ar). '"Sn NMR(5ppm, CDCI3,): -521. 
Compound (2): yield 64%, m.p. 218 °C. Anal. Calc. for C36H54N40ioSn2: C 45.99, H 
5.79, N 5.96, Sn 25.25%; Found: C 45.93, H 5.75, N 5.91, Sn 25.21%. IR (KBr, cm" 
'): 1662, Vasym(COO); 1384, Vsym(COO); 3083, 2926, v(CH3); 2953, 2874 v(CH2); 
1773, 1707, v(C=0); 1613, 1606, 1508, 1463, v(Ar); 682, v(Sn-O-Sn); 533, v(Sn-
58 
C); 456, v(Sn-O); 465, v(Sn-N). 'H NMR (<5ppm, CDCi3): 0.87 (t, CH3), 1.90 (t, 
aCH.), 1.76-1.82 (m, pCHj), 1.36 (h, yCHi), 3.93 (s, -CH2-€0), 2.34 (q, -NH-), 
7.31-8.43 (m, Ar), 3.40 (s, H2O). '^ C NMR (^ ppm, CDClj): 26.7 (aCH2), 26.1 
{pCH:,, 44.56 Hz, V("'Sn-'^Cp)}; 26.3 {yCH:, 117.53 Hz, V("^Sn-'^C.,)}, 13.5 
(CH3)., 167 (COO), 56.1 (-CH2-NH-), 125.2-146.8 (m, Ar). "^Sn NN4R (5 ppm, 
CDCb): -532. 
Crystal structure determination of (1) 
A single crystal of the compound (1) was mounted on a glass capillary and 
data Mf-ere collected using graphite-monochromated Mo-^a radiation (A = 0.71073 A) 
on Bruker SMART APEX CCD diffractometer at 293 K. The data integration and 
reduction were processed with SAINT [18] software. An empirical absorption 
correction was applied to the collected reflections with SADABS using XPREP [18]. 
All the structures were solved by the direct method using SIR-97 [19] and were 
refined on F^ by the full-matrix least-squares technique using the SHELXL-97 [19] 
program package. 
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RESULTS & DISCUSSION 
Iminodiacetic acid (H2imda) was reacted with di-n-butyltin diacetate in 
presence of an a-diimine viz. 2,2'-bipyridine (Bipy) or 1,10-phenanthroiine (Phen), 
affording fairly stable crystalline products, which have been characterized as 
dinuclear species (1) or (2). The formation of (1) and (2) can be illustrated by 
Scheme 1. 
+ HO " ^ " ^ OH 
Iminodiacetic acid (H2imda) Di-n-butyltin diacetate ^ 
a-diimine H20/EtOH 
Refluxed 4h 
• a-diimine 
a-diimine = 2,2-bipyridine (1) or 1,10-phenanthroline (2) 
Scheme I. Synthetic route for the complexes (1) and (2). 
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The analytical data are consistent with the stoichiometry [n-
Bu2Sn(imda)(H20)]2-Bipy (1) or [n-Bu2Sn(imda)(H20)]2 Phen (2). The compounds 
were soluble in water and usual organic solvents. Suitable crystals of the compound 
(1) were obtained on slow evaporation of the mother liquor. The compounds were 
characterized by various spectroscopic techniques and single crystal X-ray 
diffraction of (1). 
FT-IR spectra 
The modes of coordination by the ligands were determined from FT-IR 
spectral data. The stretching frequencies of interest are those characteristic of the 
carboxylic acid fiinction, v(Sn-C), v(Sn-O) and v(Sn-O-Sn) bonds frequencies. The 
free iminodiacetic acid (H2imda) shows broad band due to O-H stretching 
frequencies of COOH group in the 3500-3050 cm' region which was absent in the 
spectrum of the complexes, indicating that the ligand binds Sn metal in the anionic 
(imda') form. The carboxylate group in imda^ ~ may exhibit a range of different 
coordination modes as presented in Scheme 2, which can be identified from the 
position and nature of the characteristic Vsym(COO ) and Vasym(COO") stretching 
vibrations. The magnitude of Av = Vasym(COO~>-Vsym(COO~) is known to be 
impon:ant parameter to describe the coordination behaviour of the ligand moieties 
fiinctionalized with mono- as well as dicarboxylate groups. When the COO" group 
coordinates as a monodentate ligand (Structure A), the difference between the 
wavenumbers of the asymmetric and symmetric carboxylate stretching vibration 
frequencies, Av, is in the range 250-300 cm' [20]. For the symmetric bidentate 
coordination (Structure B), Av is considerably smaller compared to that of the ionic 
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carboxylate compounds [21]. The magnitude of Av for asymmetric bidentate 
coordination modes as depicted in Structures C and D is also very large but smaller 
compared to that of the monodentate (Structure A) mode of coordination. The 
magnitude of Av observed for the present complexes lie in the range characteristic of 
the Structure A. It is therefore concluded that irainodiacetate anion (imda ) 
coordinates preferably in a monodentate manner. 
0^"% o^So o--'''^ o o< '^% 
Sn Sn Sn Sn Sn 
A B C D 
Scheme 2. Important modes of coordination of carboxylate group in imda^  
A medium intensity band near 685 cm"' in the spectra of the complexes (1) 
and (2) is characteristic of the v(Sn-O-Sn) bond stretching vibration suggesting 
formation of an Sn-O-Sn bridged structure for the complexes. The absorption bands 
characteristic of Sn-C, Sn-0 and Sn-N, bonds stretching vibrations were also 
observed at appropriate positions. The X-ray crystallographic data for the complex 
(1) have confirmed a carboxylate bridged structure. 
ITI 13.-. . 119, H, ' 'C and *"Sn NMR spectra 
The 'H NMR spectra of the complexes did not show the resonance signal of 
the a-H proton for the H.imda expected at 13.12 ppm [22]. However, the spectra 
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contained resonance signals characteristic of -CH.i, a-CH2, P-CH2 and y-CHa 
protons of the n-buty! substituents at {Sn} atom as the multiplets in the appropriate 
intensity ratio. The muttiplet appearing in the range 7.22-8.50 ppm is characteristic 
of the aromatic protons of Phen/Bipy moeity. The iminic protons were observed as a 
broad multiplet. The broadening of the signal is characteristic of nuclear quadrupole 
relaxation effect of nitrogen (1=1) [22]. The additional broad strong singlet at -3.40 
ppm is probably due to the coordinated water in the complex moeity. 
The '^ C NMR spectra of the compounds contained resonance signals 
characteristic of the skeletal carbons of the ligand moeity, n-butyl substituents bound 
to {Sn} atom as well as that of the aromatic carbons of the bipyridine or 
phenanthroline moeity present in the complexes (1) or (2). The spectra of the 
compounds showed a significant downfield shift of carbon resonances, compared 
with the free ligand. This shift is a consequence of an electron density transfer form 
ligand to the acceptor. The "^Snr-'^ C resonance couplings were also observed as 
satellites i.e. 'j("'Sn-'^Ca) at 972 Hz for compound (1); V("'Sn-'^Cp) and 
V("^Sn-'^Cy) at 44.56 and 117.53 Hz, respectively for compound (2). The 
complementary information for complexes is given by the value of the coupling 
constants. The Lockhart and Manders equation [23] which correlates the C-SrnC 
bond angle with the coupling constant '/("^Sn-'^Q) is given below: 
d = 0.0877 '/("'Sn-^Ca) + 76.7543 
The magnitude of ^ calculated fi-om this expression (162°) for compound (1) 
is comparable to that obtained {6 = 163.6°) from the X-ray crystallographic data. 
This indicates that the two butyl groups are in axial positions [Fig. 1(a)]. 
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"^Sn NMR spectra of the complexes (1) and (2) exhibited sharp resonance 
signals at -521 and -532 ppm, respectively, consistent with the hepta coordination of 
{Sn} atom [24]. 
Mossbauer spectroscopy 
IR spectroscopic data provide ample informations regarding the coordination 
sites and their probable binding modes with metals; however, they give no indication 
about the exact molecular structures of the complexes. This latter question is 
resolved usually from the X-ray crystallographic data and if possible by recording 
"'Sn-Mossbauer spectra of the organotin(IV) complex. Complex (1) gave beautifiil 
single crystals suitable for X-ray diffraction study. "^Sn-Mossbauer spectral 
investigations for this complex (1) have been performed in order to compare the 
probable informations provided by these two techniques. "^Sn-Mossbauer spectrum 
of the compound (1) showed a doublet with the experimentally observed parameters, 
isomer shift (S) = 1.45, nuclear quadrupole splitting ( | J | ) = 4.16 and the line width 
(Fi) = 0.87 mms ' determined by computer evaluation [25]. These values are 
characteristic for the {Sn} atom of the organotin(IV) moeity within the complex. A 
successful correlation has been reported between the quadrupole splitting | A | and 
the structure of differently coordinated Sn(IV), using either a simple point charge 
model [25] or a more elaborate hybridization treatment [26]. The observed \A 
value obtained by means of the pqs concept considering a monodentate coordination 
mode of the -COO function, indicated that the Sn(fV) could be present in either 
octahedral (Oh) or pentagonal bipyramidal (pbp) environment. Linear 
oligomerization (as also indicated from the X-ray data) through the monodentate -
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• \ ^ 
c o o groups may result in carboxylate bridges between the two neighbouring tin 
centres. The magnitude of |zJ j indicates that the best possible configuration is that 
the n-butyl groups are located invariably in axial position. The hepta coordination to 
form the most probable pentagonal bipyramidal (pbp) geometry is achieved via 
additional coordination from the iminic nitrogen of the imda^  and HjO. For Sn(IV) 
complexes containing a n-Bu2Sn(IV) moeity, the magnitude of quadrupole splitting 
\ A \ is also related with the parameter [R] and angle 0, which is given [25] by the 
relationship as following: 
\j\ =-4|R][l-(3/4)Sin^^j''^ 
where [R] denotes the pqs value of substituent (i.e. butyl group), and 0 is the C-Sn-
C angle. On inserting \ A \ = 4.16 mms"' and 6=\63.6 for complex (1) (X-ray data) 
in the above expression, the magnitude of [R] comes out, [R] = -1.07 mms~'. This 
value of [R] agrees well (within ± 1% error) with the reported magnitude, i.e. [R] ~ -
1.09 mm ' for hepta-coordinated Sn(lV) complexes [27]. It is therefore confirmed 
from the present Mossbauer data that the molecular unit of (1), preferably, adopts a 
seven coordinate distorted pentagonal bipyramidal (pbp) geometry. 
Single crystal X-ray crystallographic studies 
The single crystal X-ray data for the complex (1) have been summarized in 
Tables 1 and 2. The ORTEP views of the moiety [n-Bu2Sn(imda)(H20)]2 and [n-
Bu2Sn(imda)(H20)]2 fiipy are shown in Figs. 1(a) and (b), respectively. The 
molecular unit is apparently dimeric where each unit is held together via two 
carboxylate bridges with d(Sn-O-Sn) = 5.0935 ± 0.023 A. Additional coordination 
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from H2O to the metal atom results in a seven coordinate, distorted pentagonal 
bipyramidal (pbp) geometry around each tin metal [Fig. 1(a)]. 
Table 1. Crystal data with refinement parameters for complex (1) 
CCDC No. 
Empirical formula 
Formula weight 
Wavelength (A) 
Crystal system 
Space group 
Unit cell dimension 
«(A) 
b{k) 
c(A) 
an fin 
YC) 
Z 
Absorption coefficient (mm'') 
Crystal size (mm) 
6 range for data collection (°) 
Index ranges 
Reflections collected 
Unique reflections (RM) 
Refinement method 
Data/restrainst/parameters 
Goodness 0 f fit on/^ 
Final/? indices [/>2o(/)] 
R indices (all data) 
728949 
C34H54N40,oSn2 
918.31 
0.71073 
Triclinic 
P-1 
7.955 (5) 
19.819(5) 
25.413(5) 
85.264 (5) 
89.974 (5) 
89.898 (5) 
4 
0.24x0.22x0.18 
1.0-28.4 
-10<;?<7,-26<^<26 
-33</<33 
18920 
12349 (0.035) 
Full matrix least square on f^ 
12349/0/902 
1.118 
i?i = 0.0847, M'7?2 = 0.2208 
/?i-0.1314, w/?2 = 0.3158 
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Table 2. Selected bond lengths (A) and angles (°) for [n-Bu2Sn(imda)(H20)]2 Bipy (1) 
Bond lengths 
Snl-C:5 
Snl-<:9 
Snl-02 
Snl-Nl 
Snl-<:)1W 
Snl-C)3 
Snl-C)6 
Bond angles 
C5-Snl-C9 
C5-Snl-02 
C9-Snl-02 
C5-Snl-Nl 
02-Snl-Nl 
02-Snl-Nl 
C5-Snl-01W 
C9-Snl-01W 
02-Snl-OlW 
Nl-Snl-OlW 
C5-Snl-03 
C9-Snl-03 
02-Snl-03 
N l - S n l ^ 3 
OlW-Snl-03 
2.118(11) 
2.128(10) 
2.233(7) 
2.310(9) 
2.324(7) 
2.330(7) 
2.767(7) 
163.6(4) 
97.2(4) 
93.4(4) 
91.9(4) 
103.3(4) 
71.8(3) 
85.3(4) 
85.4(3) 
75.2(3) 
146.3(3) 
88.6(4) 
90.5(4) 
142.5(3) 
71.0(3) 
142.2(2) 
Sn2-C17 
Sn2-C21 
Sn2-07 
Sn2-02W 
Sn2-N2 
Sn2-06 
Sn2-03 
C17-Sn2-C21 
C17-Sn2-07 
C21-Sn2-07 
C17-Sn2-02W 
C21-Sn2-02W 
07-Sn2-O2W 
C17-Sn2-N2 
C21-Sn2-N2 
07-Sn2-N2 
02W-Sn2-N2 
C17-Sn2-06 
C21-Sn2-06 
07-Sn2-06 
02W-Sn2-06 
N2-Sn2-06 
2.113(11) 
2.132(10) 
2.208(8) 
2.309(7) 
2.321(10) 
2.338(7) 
2.752(7) 
163.9(4) 
97.2(4) 
93.0(3) 
84.8(3) 
85.8(3) 
74.8(3) 
91.4(4) 
103.6(4) 
72.0(3) 
145.8(3) 
89.7(3) 
89.9(3) 
142.4(3) 
142.8(2) 
70.9(3) 
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oe 
Fig. 1(a). ORTEP view of the moeity [n-Bu2Sn(imda)(H20)]2 drawn at 50% probability of 
the thermal ellipsoids (H-atoms have been omitted for clarity). 
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Fig. 1(b). ORTEP view of [n-Bu2Sn(imda)(H20)]2 Bipy (1) showing H-bonding interactions 
between adjacent units. 
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Fig. 2(a). Packing diagram of the complex 1. 
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Fig. 2(b). 2D pacicing of the complex (1), showing the positions of the spacer (Bipy). 
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Fig. 2(c). 3D cage network of the complex (1). 
It is apparent from Fig. 1(a) that the H2O oxygen (01W), imda ^ oxygens 
(02, 03) alongwith nitrogen (Nl) and the bridging oxygen (06) form the equatorial 
plane. The important bond distances in this plane are: Sn-0 = 2.324(7), 2.330(7), 
2.233(7), 2.767(7) and Sn-N - 2.310(9) A. The observed bond angle C-Sn-C = 
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163.6 ''(4) indicates that the two butyl groups are attached to each {Sn} atom at the 
axial positions with Sn-C = 2.118(11) and 2.128(10) A. The Sn-Sn distance within 
the diineric moiety is 4.242 ± 0.002 A, which is comparable to that reported for an 
analogous dimeric complex [Bu2Sn(pyridine-2,6-dicarboxylate)(H20)]2 [28]. The 
neighbouring [n-Bu2Sn(imda)(H20)]2 dimers are further attached to each other by 
the intermolecular H-bonding [Fig. 1(b)] involving 2,2'-bipyridine (Bipy) nitrogen 
atoms, It appears from the packing diagram (Fig. 2) that that the 2,2'-bipyridine is 
present in the crystal lattice and serves the role of a spacer in the formation of 
suprarnolecular framework to stabilize the crystal lattice. The important bond 
distances and the angles related to the intermolecular hydrogen bonding have been 
summarized in Table 3. 
Table 3. Hydrogen-bond geometry (A, °) 
D-H-A 
N4-H01 -Ol' 
N4-H01 •02' 
N3-H02-O8 
N3-H02-O7 
N2-H03 -09" 
N2-H03-O10" 
N1-H04-O16'" 
N1-H04-O15'" 
D-n 
0.80 (9) 
0.80 (9) 
0.78 (9) 
0.78 (9) 
1.08(9) 
1.08(9) 
1.21 (9) 
1.21(9) 
Symmetry codes: {i)x+ \,y~ \ 
H-A 
111 (9) 
2.61 (10) 
2.23 (9) 
2.66(10) 
1.91 (9) 
2.43 (9) 
1.90(8) 
2.28 (9) 
r, (ii)jr-!,>', z; (Hi) jr, 
D-A 
2.973(10) 
3.308(10) 
2.972 (10) 
3.343(11) 
2.922(11) 
3.307(11) 
2.935(11) 
3.297(11) 
y+i ,z . 
D-V^-A 
157(9) 
146(8) 
159(9) 
149(8) 
155 (7) 
138(6) 
140 (6) 
139(6) 
In-vitTO antitumor activity 
In order to compare the cytotoxicity of the newly prepared compounds, the 
preliminary in-vitro cell tests were performed on tumor cells employing well 
established experimental procedures [29]. The growth inhibitory effects on the 
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murine leukemia cell line (P388) and human leukemia cell line (HL-60) were 
measured by the microculture tetrazolium [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, MTT] assay [30]. The growth inhibition for the human 
non-small-cell lung cancer cell line (A-549) was analyzed employing the 
sulforhodamine B (SRB) assay [31]. The results of the in-vitro cytotoxic effects of 
the compounds (1) and (2) (Table 4) against the three tumor cell lines (P388, HL-60 
and A-549) were compared using cisplatin as a reference (control). The inhibitory 
effect of the compounds (1) and (2) was relatively higher than that exhibited by 
cisplatin against the three tumor cell lines for the experimental concentration range 
(lO'^-lO"'' M) suggesting that the present compounds can be used as potent 
antitumor agents. The observed higher activities of the test compounds in reference 
to that of the cisplatin can reasonably be correlated [32] in terms of a structural effect 
i.e. a long chain of the dinuclear (Sn-Sn) units stabilized or controlled via an 
extensive H-bonding and the presence of additional spacers like Bipy or Phen in the 
molecular unit [Fig. 1(b)]. A few organotin derivatives specially those containing a 
long chain alkyl substituent on {Sn} atom preferably n-butyl group are reported [33] 
to exhibit remarkable cytotoxic effects. The additional contribution from n-butyl 
group bonded to {Sn} atom in the present compounds towards the cytotoxic effects 
may not be ruled out. 
The data in Table 4 indicate that compounds (1) and (2) at 10"^  M 
concentration, are highly effective against all the cell lines examined. They retained 
high inhibition rates of 100% against P388 tumor cell line even for the concentration 
range 10"^-I0^ M but were relatively less active towards HL-60 and A-549. 
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However, they were observed not much effective against all the three tumor cell 
lines at 10"'' M concentration. 
Table 4. Inhibitory effect of the compounds on tumor ceils of P388 (MTT), HL-60 
(MTT) and A-549 (SRB) 
Cell line 
P388 
HL-60 
A-549 
Concentration 
(mol/1) 
10^ 
10^ 
10"* 
10-' 
10^ 
10-^  
10"^  
10-' 
10-^  
10-' 
10-* 
10' 
Inhibitory rate 
Compound 1 
100 
100 
100 
19.5 
100 
98.9 
97.1 
90.3 
100 
72.0 
61.7 
34.9 
(%) 
Compound 2 
100 
100 
100 
62.6 
100 
98.6 
92.8 
29.1 
100 
74.7 
40.2 
23.8 
Cisplatin 
84 
48.4 
23 
18.5 
100 
100 
48.9 
19.2 
36.8 
15.1 
12.5 
17.4 
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CONCLUSION 
Reactions of iminodiacetic acid with di-n-butyltin diacetate in presence of an 
a-diimine viz. 2,2'-bipyridine or 1,10-phenanthroline taicen in 2:2:1 mole ratio in 
aqueous ethanol results in complex with stoichiometry [n-Bu2Sn(imda)(H20)]2 Bipy 
or [n-Bu2Sn(imda)(H20)]2Phen. The FT-IR, 'H, '^C & "'Sn NMR as well as '"Sn 
MOssbauer spectroscopic data on the complexes revealed that the ligand 
iminodiacetate binds the metal as a tridentate [N,0,0] chelating agent in the 
dianionic form (imda^ "^ ) such that the {Sn} metal adopts a hepta coordinate distorted 
pentagonal bipyramidal (pbp) geometry. The presence of a monodentate carboxylate 
bridging from imda^ ^ produced a dinuclear structure of the complex as confirmed 
from the single crystal X-ray diffraction data. The a-diimine chelator, which does not 
directly bind the {Sn} atom, is rather present in the crystal lattice acting as a spacer 
between the adjacent dinuclear units involving weak H-bonding interactions to form 
a supramolecular framework. Apart from this special structural feature, the present 
compounds deserve attention as they are rare examples of hepta coordinated 
organotin derivatives. The cytotoxicity tests of the compounds show that these 
compounds can be used as potent antitumor drugs. 
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Chapter 4 
Synthesis and spectral characterization of homo-
dinuclear transition metal complexes of 
iminodiacetic acid: EPR and Mossbauer spectra of 
[Fe2(imda)2(H20)3Cl] 
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INTRODUCTION 
The science of polymetallic complexes where metal ions are connected by 
bridging organic ligands has recently become a challenging issue for chemists, 
physicists and nanotechnologists [1-3]. The flexible polycarboxylic acids 
oxydiacetic acid (Haoda), iminodiacetic acid (Haimda) and nitrilotriacetic acid 
(Hsnta) are among the potential candidates capable to produce different kinds of 
polynuclear complexes. Dinuclear Cu(n) complexes bridged by carboxylate spacers 
have been studied extensively due to their relevance in copper-containing enzymes 
and their interesting magnetic properties [4,5]. Coordination chemistry of 
functionalized carboxylato species has been an attractive subject from the 
bioinorganic standpoint because the carboxylate group of glutamate and aspartate 
works as a supporting ligand for the metal centers in various metalloproteins [6,7]. 
Recent investigations on metalloproteins have revealed that the carboxylate group 
plays an important role for structural holding and proton transfer via hydrogen 
bonding interactions in proteins. It exhibits a diversified coordination mode and 
provides an effective hydrogen bonding interaction with other protic group [8,9]. 
Bimetallic n-carboxylato complex has been the most attractive synthetic target in 
view of the fact that the carboxylate bridged bimetallic core is the common structural 
motif of the various 02-metaboiic non-heme Fe- and Mn-proteins [10-12]. 
Spectroscopic titrations of iron clusters with calf thymus DNA have also been used 
to evaluate the binding to the DNA helix [13,14]. ID, 2D and 3D coordination 
polymeric MOFs are effectively generated via extensive carboxylate bridging in 
metal complexes containing fonctionalized dicarboxylate moieties [15]. The pH of 
the reaction solution and the crystallization conditions are the crucial parameters that 
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influence the formation of the molecular architectures [16,17]. Stock and co-workers 
have demonstrated the role of the acid/base ratio and temperature in determining the 
structure of the complexes [17]. The monometallic mixed-ligand complexes 
incorporating iminodiacetic acid, Hiimda and 1,10-phenanthroline are generally 
generated under low pH (5-8) conditions [18]. However, polynuclear homo-
bimetallic mixed-ligand complexes of transition metals using iminodiacetate 
(imda^ ) bridging are scarce. Here-in, we report the isolation and spectral 
investigations of novel homo-bimetallic complexes which were generated under a 
high pH (9-10) reaction condition. 
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EXPERIMENTAL 
Materials 
Iminodiacetic acid (E. Merclc), 2,2'-bipyridine (E. Merck) and metal salts 
(Aldrich) were used as received. Solvents were purified by standard procedures. The 
purity of the compounds was checked through silica gel chromatography and the 
melting points were non-corrected. 
Instrumentation 
IR spectra were recorded on a Perkin-Elmer spectrum GX automatic 
recording spectrophotometer as KBr disc. 'H and '^ C NMR spectra of compounds 
dissolved in CD3OD were recorded on a Brucker DRC-300 spectrometer using 
SiMe4 (TMS) as internal standard. Electronic spectra and conductivities of an 
aqueous solution of the complexes were recorded on a Cintra-5GBS liV-Visible 
spectrophotometer and Systronics-305 digital conductivity bridge, respectively, at 
room temperature. FAB-Mass spectra were recorded on Jeol SX-102/DA-6000 mass 
spectrometer using argon (6 kV, 10 mA) as the FAB gas. The accelerating voltage 
was 10 kV and the spectra were recorded in m-nitrobenzyl alcohol (NBA) matrix. 
The X-band EPR spectra were taken at room temperature as well as liquid nitrogen 
temperature on a Varian E-112 spectrometer operating at 9.1 GHz. Microanalysis for 
C, H and N were obtained from Microanal>1ical Laboratories, CDRJ, Lucknow. 
Melting points reported in this work were not corrected. 
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[Cu2(imda)2(Bipy)2l (6) 
Blue, m.p. >300 °C, yield 64%. Anal. Calcd. for C28H26CU2N6O8: C 47.93; H 3.74; N 
11.98. Found: C 47.43; H 3.35; N 11.79. Molar conductance, A„, (in 10'^  M 
methanol): 21 ohm'cm^mol'. FAB-Mass spectrum (m-nitrobenzylalcohol NBA, 
matrix): m/z = 703 (45%), [Cu2(imda)2(Bipy)2+2H]"; m/z = 543 (37%), 
[Cu2(imda)2Bipy-2H] ;^ m/z = 389 (41%), [Cu2(imda)2]'; m/z = 195 (23%) 
[Cu(imda)+ H]^ IR (KBr, u cm''): 1625 Uasym(COO), 1305 Usym(COO), 422 u(Co-
N), 956 u(Cu-(>-Cu), 1580-1430 i)(C=C and C=N). 'H NMR (<5ppm, CD3OD) (300 
MHz): 3.45 (8H, s, CH.), 10.43 (2H, s, iminic NH), 7.4-8.6 (16H, m, aromatic 
protons). '^ C NMR (S ppm, CD3OD) (75 MHz): 36 (-CH2-N), 170 (>C=0), 122, 
134, 128, 136 and 149 (aromatic carbons). 
Synthesis of the complex [Fe2(imda)2(H20)3Cl] (7) 
A solution of FeCb (5 mmol, 0.8 g) in water (5 mL) was added dropwise to a 
stirred aqueous solution of iminodiacetic acid (5 mmol, 0.66 g). After I/2 h stirring, 
2 mL triethylamine was added dropwise and the stirring was continued overnight. 
The dirty yellow colour precipitate obtained was filtered off, washed with water and 
methanol and then dried in vacuum. 
Dirty yellow, m.p. >300 °C, yield 55%. Anal. Calcd. for C8Hi6Fe2N20nCl: C 20.74; 
H 3.48; N 6.05. Found: C 20.45; H 3.92; N 6.16. Molar conductance, A^ (in 10'^  M 
methanol): 25 ohm'cm^mof'. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA 
matrix): m/z = 464 (47%), [Fe2(imda)2(H20)3CI+H]'; fn/z = 425 (25%), 
fFe2(imda)2(H20)3-2H]^ ; m/z = 391 (33%), [Fe2(imda)2H20]'; m/z = 375 (29%), 
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[Fe2(imda)2+2H]"; m/z = 185 (19%), [Fe(imda)-HJ^ IR (KBr pellets, cm"'): 1625 
\)asym(COO), 1305 Usym(COO), 422 v(Fe-N), 950 u(Fe-(>-Fe), 246 u(Fe-Cl), 3431 
t)(H20). 'H N M R (CD3OD, ppm) S: 3.91 (8H, s, CH2), 10.22 (2H, s, iminic NH), 2.4 
(8H, s, br, coordinated H2O). '^ C NMR (CD3OD, ppm) d: 176 (>C=0), 41 (-CH2-
N). 
Molecular model computations 
CSChem-3D-M0PAC software has been used to get the minimum energy 
perspective plots for the geometry of the complexes [19]. This provides the most 
stable (ground state) arrangement of the ligand environment around the metal ions. 
The structural parameters like relevant bond lengths and bond angles were also 
computed. 
Mfissbauer spectral studies 
The spectra were recorded at the Mossbauer facilities of the UGC-DAE 
Consortium for Scientific Research, Kolkata center. The MOssbauer measurements 
were nnade with a standard PC-based system operating in the constant acceleration 
mode. The velocity drive was calibrated using 57-Co source using a 25 nm thick 
natural iron foil as an absorber. The stxiet of a-iron was useftil in calibrating the 
center of gravity of the spectrum and velocity calibration constant, which are 
essential for the analysis of the spectrum. The velocity calibration was carried out 
usmg the Fe-M6ssbauer spectroscopy of a-iron. The experiment was performed at 
RT and LNT when the absorber was kept stationary and the source device was 
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moving with a constant velocity (10 mm/sec). The spectrum was fitted with 
NORMOS program 1990 for its solution. 
Cyclic voltammetric studies 
Cyclic voltammetry (CV) was performed on EG&G PAR 273 
Potentiostat/Galvanostat and an IBM PS2 computer along with EG&G M270 
software to carry out the experiments and to acquire the data. The three-electrode 
cell configuration comprised of, a platinum sphere, a platinum plate and 
Ag(s)/AgN03 were used as working, auxiliary and reference electrodes, respectively. 
The supporting electrolyte used was [nBu4N]C104. Platinum sphere electrode was 
sonicated for two minutes in dilute nitric acid, dilute hydrazine hydrate and then in 
double-distilled water to remove the impurities. The solutions were deoxygenated by 
bubbling research grade nitrogen and an atmosphere of nitrogen was maintained over 
the solution during measurements. 
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RESULTS & DISCUSSION 
The synthetic procedure for the complexes (1-7) is given in Schemes 1(a) 
and 1(b). The air and moisture stable solid products (1-3) obtained from the 
reactions of MCI2 (M = Co, Ni or Cu) with iminodiacetic acid, Hzimda (in 1:1 mole 
ratio) in presence of EtaN (pH = 9.0) have been characterized as bimetallic species 
with stoichiometry [M2(imda)2(H20)4]. However, anhydrous FeCb reacts with 
H2imda at a relative high pH (-10.0) conditions yielding the bimetallic complex 
[Fe2(imda)2(H20)3Cl] (7). Furthermore, the aqueous solutions of the complexes (1-
3) exhibited considerable reactivity with the N-chelator/donor, 2,2'-bipyridine (Bipy) 
affording the corresponding homo-bimetallic mixed-ligand complexes bearing the 
composition [M2(imda)2(Bipy)2] (4-6). Contrary to this, the complex (7) did not 
show any reactivity towards the N-chelator even under reflux condition to give any 
mixed-ligand complex containing the 2,2'-bipyridine auxiliary ligand. All the 
complexes (1-7) were soluble in usual organic solvents. The experimentally 
observed molar conductivities (An,<40 ohm'cm^mof') for the 10^ ^ M methanolic 
solution of the complexes indicate a non-electrolytic nature in solution [20]. The 
counter Ct anion present in the complex (7) has a binding with Fe^ ^ ion such that it 
does not ionize and remains in the coordination sphere. This is not an unusual 
behaviour in view of the reports that counter halide anion are capable to bind metal 
ions as a weak coordinating ligand [21,22]. 
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Scheme 1 (a). Synthetic procedures for the complexes (1-6). 
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Analytical and FAB-Mass data 
The analytical data of the compounds (1-7) are consistent with their proposed 
molecular formulae [M2(imda)2(H20)4] {M = Co (1), Ni (2) or Cu (3)}, 
[M2(imda)2(Bipy)2] {(M = Co (4), Ni (5) or Cu (6)} and [Fe2(imda)2(H20)3CI] (7). 
FAB-Mass spectral studies have been performed for the complexes to ascertain the 
stoichiometry proposed from the analytical data. FAB-Mass spectra of the 
compounds recorded in m-nitrobenzylalcohol (NBA) matrix contained several strong 
to medium intensity peaks attributable to the molecular ions as well as formation of 
the species from the thermal fragmentations of the corresponding molecular ions. 
The complexes (1-3) and (7) exhibited peaks at m/z - 453 (1), 453 (2), 460 (3) and 
464 (7) assignable to the molecular ions [Co2(imda)2(H20)4+H]"^ , 
[Ni2(imda)2(H20)4+2H]^ [Cu2(imda)2(H20)4-H]^  and [Fe2(imda)2(H20)3Cl+H]^ 
respectively. These molecular ions further lose the coordinated water molecules and 
also the counter chloride anions present for the complex (7) in step-wise manner to 
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matrix): m/z = 453 (51%), [Ni2(inida)2(H20)4+2Hf; m/z = 414 (39%), 
[Ni2(imda)2(H20)2-H]"; m/z = 397 (31%), [Ni2(imda)2H20]"; m/z = 380 (26%), 
[Ni2(imda)2+H]^ ; m/z = 190 (35%), [Ni(imda)+H]^ IR (KBr pellets, cm '): 1625 
Uasym(CC)O), 1305 Usy„(COO), 422 u(Ni-N), 950 u(Ni-0-Ni), 3431 u(H20). 'H 
NMR (CD3OD, ppm) S: 3.87 (8H, s, CH2), 10.14 (2H, s, iminic NH), 2.6 (8H, s, br, 
coordinated H2O). '^ C NMR (CD3OD, ppm) S: 173 (>C=0), 39 (-CHj-N). 
lCu2(inida)2(H20)4l (3) 
Light blue, m.p. >300 °C, yield 65%. Anal. Calcd. for CgHigCujNzOn: C 20.83; H 
3.93; N 6.07. Found: C 20.29; H 3.74; N 6.02. Molar conductance, A™ (in 10^ ^ M 
methanol): 38 ohm 'cm^mol '. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA 
matrix): m/z = 460 (62%), [Cu2(imda)2(H20)4-H]^ • m/z = All, (34%), 
[Cu2(imda)2(H20)2-2H] ;^ m/z = 407 (36%), [Cu2(imda)2H20]^ ; m/z = 391(24%), 
[Cu2(irnda)2+2H]^ ; m/z = 198 (19%); [Cu(imda)-H]^ IR (KBr pellets, cm'): 1625 
Uasym(COO), 1305 \)sym(COO), 422 \)(Cu-N), 948 u(Cu-O-Cu), 3431 u(H20). 'H 
NMR (CD3OD, ppm) S: 3.83 (8H, s, CH2), 10.24 (2H, s, iminic NH), 2.7 (8H, s, br, 
coordinated H2O). '^ C NMR (CD3OD, ppm) S: 170 (>C=0), 38 (-CH2-N). 
Synthesis of the complexes [M2(inida)2(Bipy)2] (M = Co, Ni or Cu) (4-6) 
The aqueous sohitions of the above prepared complexes (1-3) (2.5 mmol) 
was separately reacted with a solution of 2,2'-bipyridine (5 mmol, 0.9 g) taken in 5 
mL methanol at RT with stirring. The solution was continuously stirred overnight at 
RT forming precipitate which was filtered off, washed with water and alcohol and 
dried in vacuo. 
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[C02(imda)2(Bipy)2J (4) 
Pink, m.p. >300 °C, yield 60%. Anal. Caicd. for CjgHzeCojNsOg: C 48.57; H 3.78; N 
12.14. Found: C 48.11; H 3.65; N 12.22. Molar conductance, A^ (in 10"^  M 
methanol): 24 ohm'cm^mol'. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA 
matrix): m/z = 693 (62%), [Co2(imda)2(Bipy)2+H]^ ; m/z = 535 (34%), 
[Co2(imda)2Bipy-H] ;^ m/z = 378 (36%), [Co2(imda)2-2H]^ ; m/z = 192 (24%), 
[Co(imda)+2H]\ IR (KBr, v cm"'): 1625 Uasyn,(COO), 1305 Usvm(COO), 422 u(Co-
N), 955 u(Co-O-Co), 1580-1430 \)(C=C and C=N). 'H NMR (Sppm, CD3OD) (300 
MHz): 3.48 (8H, s, CH2), 10.49 (2H, s, iminic NH), 7.4-8.6 (16H, m, aromatic 
protons). '^ C NMR (Sppm, CD3OD) (75 MHz): 36 (-CHo-N), 173 (>C=0), 123, 
136, 138, 129 and 147 (aromatic carbons). 
[Ni2(imda)2(Bipy)2] (5) 
Greenish blue, m.p. >300 °C, yield 58%. Anal. Calcd. for C28H26Ni2N608: C 48.60; 
H 3.79; N 12.15. Found: C 48.87; H 3.33; N 12.72. Molar conductance, An, (in 10"^  
M methanol): 30 ohm^'cm^mol'. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA 
matrix): m/z = 691 (45%), [Ni2(imda)2(Bipy)2]^ ; m/z = 535 (29%), 
[Ni2(imda)2Bipy]^ ; m/z = 378 (42%), [Ni2(imda)2-H] ;^ m/z = 190 (32%), 
[Ni(in:»da)+H]'. IR (KBr, u cm"'): 1625 t)asym(COO), 1305 Usym(COO), 422 u(Co-N), 
958 u(Ni-0-Ni), 1580-1430 u(C=C and C=N). 'H NMR (5 ppm, CD3OD) (300 
MHz): 3.46 (8H, s, CH2), 10.44 (2H, s, iminic NH), 7.4-8.6 (16H, m, aromatic 
protons). '^ C NMR (<5 ppm, CD3OD) (75 MHz): 34 (-CH2~N), 174 (>C=0), 121, 
135, 137, 129 and 146 (aromatic carbons). 
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Synthesis of the complexes lM2(imda)2(H20)4] (M = Co, Ni or Cu) (1-3) 
A general procedure was adopted for the preparation of these complexes. An 
aqueous solution of metal chloride (5 mmol) was dropped to the solution of 
iminodiacetic acid (5 mmol, 0.66 g) in water with stirring and then triethylamine (1 
mL) was added. The stirring was continued overnight forming an intense colour 
solution. The reaction mixture was then refluxed for 4 h resulting in precipitate 
which was filtered off, washed with water followed by methanol and dried in 
vacuum. 
[C02(inida)2(H20)4] (1) 
Pink, yield 68%, m.p. >300 °C. Anal. Calcd. for C8H18C02N2O12: C 21.25; H 4.01 ;N 
6.20. Found: C 21.65; H 4.31; N 6.26. Molar conductance, Am (in 10"^  M methanol): 
35 ohm'cm^mor'. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA matrix): mfz = 
453 (57%), [C02(imda)2(H20)4+H]'; m/z== 414 (37%), [Co2(imda)2(H20)2-2H] ;^ m/z 
= 398 (29%), [Co2(imda)2H20]'; m/z = 382 (40%), [Co2(imda)2+2H]'^ ; m/z - 190 
(27%), [Co(imda)]'. IR (KBr pellets, cm^'): 1625 Uasym(COO), 1305 Usyn,(COO), 422 
v)(C(>-lsJ), 945 u(Co-O-Co), 3431 ^(HsO). 'H NMR (CD3OD, ppm) S: 3.91 (8H, s, 
CH2), 10.22 (2H, s, iminic NH), 2.4 (8H, s, br, coordinated H2O). '^ C NMR 
(CD3OD, ppm) 3: 176 (>C=0), 41(-CH2-N). 
lNi2(iinda)2(H20)4] (2) 
Green, m.p. >300 °C, yield 57%. Anal. Calcd. for CgHisNisN.Ou: C 21.28; H 4.02; 
N 6.20. Found: C 21.45: H 4.25; N 6.42. Molar conductance, A„, (in 10^ ^ M 
methanol): 42 ohm"'cm"^mor'. FAB-Mass spectrum (m-nitrobenzylalcohol, NBA 
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give the corresponding fragmentation species [Co2(imda)2+2H]^  {m/z = 382), 
[Ni2(imda)2+H]^  {m/z = 380), [Cu2(imda)2+2H]^  {m/z = 391) or [Fe2(imda)2+2H]^  
{m/z = 375). However, for the complexes (4-6), the FAB-Mass spectra exhibited 
peaks for the corresponding molecular ions, [Co2(imda)2(Bipy)2+H]^  {m/z = 693), 
[Ni2(imda)2(Bipy)2]* {m/z = 691) or [Cu2(imda)2(Bipy)2+2H]^  {m/z = 703) where the 
auxiliary chelating ligand remained intact with the moeity. There is further cleavage 
of the auxiliary ligand i.e., 2,2'-bipyridine from the coordination sphere of these 
molecular ions to exhibit peaks for [Co2(imda)2-2H]'^  {m/z = 378), [Ni2(imda)2-H]'^  
{m/z = 378) or [Cu2(imda)2]^  {m/z = 389). The further formation of the molecular 
ions for the corresponding mononuclear species i.e., [M(imda)]^  in all the complexes 
were also indicated whose spectra contained a weak (-20%) to medium (40%) 
intensity peak for [Co(imda)]^ (m/z = 190), [Ni(imda)+H]^ (m/z = 190), [Cu(imda)-
H]^ (m/z = 198), [Co(imda)+2H]" (m/z = 192), [Ni(imda)+H]" (m/z = 190), 
[Cu(imda)+H]^ (m/z = 195), [Fe(imda)-H]^ (m/z = 185), respectively. It is 
noteworthy that under FAB-Mass conditions the coordination from the imda "^ 
chelating moiety to the metal ion could not be cleaved to produce free ligand as well 
as the metal ion. The present FAB-Mass data therefore corroborate that the imda^ " 
anion binds metal ions with a stronger bond compared to that provided by the 
auxiliary ligand or N-chelator, albeight, 2,2'-bipyridine is a well known strong 
chelating agent. 
IR and NMR spectra 
The important frequencies observed in FT-IR spectra of the compounds with 
their assignments are given in Experimental Section. The Vasyni(COO) and Vsyni(COO) 
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stretching vibrations characteristic of the coordinated carboxylate anions were 
indicated as strong intensity bands near 1625 and 1300 cm"', respectively [23]. The 
observed large separation between Vasym(COO) and Vsym(COO) stretching vibrations 
[Av = Vasym(COO)-Vsym(COO) ~290 cni"'] for the complexes suggests a strong 
bidentate chelation of the anionic imda^ " moeity to metal ions involving both 
carboxylate groups [23]. The observed negative shift (-100 cm"') in the v(C-N) 
stretching frequency relative to that observed in the free uncoordinated ligand 
corroborates the additional coordination from the iminic nitrogen of the imda "^ 
moeity. The observed broad band in 3500-3200 cm"' region for the complexes (1-3) 
and (7) is characteristic of the presence of coordinated water molecules in the 
complex moeity. The v(C=N) and v(C=C) characteristic stretching vibration bands in 
the conapiexes (4-6) were indicated in the region 1580-1427 cm"'. The appearance 
of medium intensity bands in the Far-IR 480-250 cm"' region are due to M-N, M-0 
and Fe-CI bonds stretching frequencies, respectively [22,23]. The carboxylate 
bridging (M-O-M) in all the complexes was ascertained by the appearance of a 
medium intensity band at -950 cm"' [24]. The Fe-CI bond stretching vibration was 
observed at the appropriate position (246 cm"') in the Far-IR region [23]. 
The 'H NMR spectra of the complexes contained, in general, a sharp and a 
broad singlet in the regions 3.4-3.9 and 10.1-10.4 ppm (Section 2) characteristic of 
the skeletal -CH2- and the Iminic (-NH-) proton resonances, respectively of the 
coordinated imda^ ". The aromatic protons of the coordinated bipyridine moeity were 
indicated as multiplets in 7.2-8.7 ppm range. The resonance signals observed in 
170-176, 34-41 andl2l-l50 ppm regions in the '^ C NMR spectra of the complexes 
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are assigned to carbonyl (>C=0), methylene (-CH2-) and a-diimine (Bipy) carbons, 
respectively [25]. 
Electronic (ligand field) and EPR spectral studies 
The electronic spectra contained intense charge transfer (M<—L) bands in 
addition to the weak intensity absorption bands in the visible range characteristic of 
d-<i transitions whose positions with assignments have been summarized in Table 1. 
The positions of the ligand field bands observed for the complexes are 
characteristic of the high spin, configurations of the metal ions [Cr^^ (t2g Cg'), Fe ^ 
(t2g^ eg^ ) and Co^ ^ (tjg^ eg")] in the Oh environments [26]. However, the observed 
splitting of the absorption band due to i^T2g*—'Eg) transition for the complexes 
[Cu2(irnda)2(H20)4] (3) and [Cu2(imda)2{Bipy)2] (6), give two well resolved bands 
characteristic of the E^g<—^ Big and ^B2g<^ ^Big transitions (in the order of decreasing 
energy) strongly indicate a tetragonal distortion in the six coordinate geometry 
around Cu"^ ^ ion. This has been further verified from the EPR spectra of these 
complexes. 
The X-band EPR spectra of the complexes (3) and (6) recorded at room 
temperature and liquid nitrogen temperature were identical exhibiting two separate 
resonance signals (g| and gj.) due to anisotropic behavior arising from the presence 
of a strong Jahn-Teller distortion. The observed g||>gx>2.00 (Table 1) is 
characteristic of an axiaily elongated tetragonal distortion with dx%^ orbital as the 
ground energy level [25]. The observed EPR parameters, the energy of the observed 
transitions, orbital reduction parameters (k|j, kx) and spin orbit coupling constant {X) 
are related as follows: 
93 
g|l = 2 - 8 K j i / E f B 2 g - 2 B ^ g ) 
The parameter G is related to the experimentally observable quantities (i.e. g|, gJL, 
k|, kx and energies of ligand field transitions) by the following expressions: 
g i - 2 K i Ef^Eg.-2B,g) 
The magnitude of G and the corresponding orbital reduction parameters (k| 
& ki) have been used as criteria for measuring the extent of exchange coupling 
effects on local Cu(n) environment in the complex [25]. The observed magnitudes of 
G<4.0 and lu>k|] are consistent with the presence of exchange coupling or 
interaction i.e. the neighbouring Cu(n) ion in the complex moeity is magnetically not 
independent [22,25]. 
The X-band EPR spectrum of homo-bimetallic complex (7) is representative 
of the species (g = 1.89) with ground state resulting from a considerable exchange 
interaction having net spin S = '/2 and is comparable to that observed for some 
ferredoxins (from bovine adrenals and spinach) [27]. Fe(lll) has a d^  valence 
configuration (t2g Cg) and is expected to have quasi-isotropic g values close to 2.00 
while Fe(II) having d* configuration may have the expected value of g>2.00. The 
observed magnitude (g<2.00) for the dinuclear [Fe"'-Fe"] species ascertains a 
considerable anti-ferromagnetic coupling between the two centres. In fact, if the spin 
of Fe(]ll) is oriented parallel to the external field then that of Fe(ll) will be oriented 
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anti-parallel with a net effect of S = V2. Therefore the expected g-value of Fe(II) must 
be subtracted from that of Fe(lll), which would give g<2.0. 
The magnitude of g expected for Fe(II) counterpart can be computed [27] 
from the experimentally observed gav value from the expression: 
- 7 4 
§av ~ T gFe(III) — - r gFe(lI) 
Assuming that gpedti)- 2.00, the gFe(ii) associated with the high-spin electronic 
structure comes out to be 3.34. The magnetic moment value for the complex also 
indicates a considerable anti-ferromagnetic interaction between Fe(III)-Fe(Il) 
centres. 
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Table 1. Electronic transitions with their assignments and EPR data 
Complex 
[Co2(imda)2(H20)4] (1) 
[Ni2(imda)2(H20)4] (2) 
[Cu2(imda)2(H20)4] (3) 
[Co2(imda)2(Bipy)2] (4) 
[Ni2(imda)2(Bipy)2] (5) 
[Cu2(imda)2(Bipy)2] (6) 
[Fe2(imda)2(H20)2Cl2] (7) 
Band positions v (cm 
27100 
20750 
14950 
29650 
24845 
20750 
14560 
28455 
20425 
16676 
42568 
27146 
20467 
14875 
41425 
29855 
24810 
20620 
14660 
45210 
28645 
20532 
16687 
27010 
26050 
25178 
21750 
Assignments 
CT 
'T,g(P)- 'T,g(F) 
% ( F ) ^ ^ , g ( F ) 
CT 
^T,g(P)^%g(F) 
^T,g(F)^%g(F) 
^ T 2 g ( F ) ^ % g ( F ) 
CT 
^Eg<- B)g 
B2g*- Big 
J I — > TT* 
CT 
''T,g{P)-''T,g(F) 
%,i¥)^%,iV) 
%—*n* 
CT 
^T,g(P)^X(F) 
^ T , g ( F ) - % g ( F ) 
^T2g(F)^X(F) 
7t-* Jt* 
CT 
Eg*- Big 
B2g-<— Big 
CT 
[ % g / E g ] ^ % g 
J^Aig/E^-^Aig 
T2g<- Aig 
EPR data 
gx = 2.10,g|| =2.27 
KJ. = 1.06, Kj|= 0.94 
G = 2.7 
gx = 2.19, g|| =2.29 
J a = 1.13, Kj =0.88 
G = 1.5 
gav= 1.89, gFe(III) = 2.00 
gFe(II) = 3.34 
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Molecular model computations 
The molecular model calculations based on the CSChem-3D-M0PAC have 
been employed to solve the minimum energy plots for the probable molecular 
structures of the complexes and to compute the important structural parameters, like 
bond lengths and bond angles of the molecules [19]. The mechanical adjustments via 
augmented mechanical field were used to draw the optimum minimum energy plots 
for homo-bimetallic complexes (M2(imda)2(H20)4], []Vl2(imda)2(Bipy)2] (M = Co, Ni 
or Cu) and [Fe2(imda)2(H20)3CI] which indicate that the metal ions acquire a hexa-
coordinate geometry as shown in Figs. 1-3. The plot shows that all the complexes 
are bimetallic involving carboxylato bridges. The primary ligand iminodiacetate 
(imda') provides three potential fN,0,0] donor sites and the additional coordination 
from H2O or the heterocyclic chelator (2,2'-bipyridine) finally gives a hexa 
coordinate geometry around each metal ion in (1-6), however for the complex (7), 
additional coordination from Cland H2O constitute a distorted octahedral geometry. 
The computed bond lengths and bond angles have been displayed in Table 2. 
Fig. 1. Perspective view of [M2(imda)2(H20)4], M = Co (1), Ni (2) or Cu (3). 
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^ c 
i , H 
• N 
^ o 
• Co. Ni 01 Cn 
Fig. 2. Perspective view of [M2(imda)2(Bipy)2], M - Co (4), Ni (5) or Cu (6). 
Fig. 3. Perspective view of [Fe2(imda)2(H20)?Cl] (7). 
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Table 2. Important calculated bond lengths (A°) and bond angles (°) in the 
complexes (1-7) 
Compounds 
Bond lengths 
M-O(imda) 
M-O(br) 
M-N(imda) 
M-N(Bipy) 
M-0(H20) 
Fe-Cl 
Bond angles 
M-O-M 
0(br)-M-0(br) 
Cl-Fe-N(imda) 
(1) 
1.950 
1.585 
2.007 
-
1.246 
-
109.40 
61.43 
-
(2) 
1.949 
1.585 
2.007 
-
1.246 
-
109.40 
61.42 
-
(3) 
1.950 
1.585 
2.005 
-
1.245 
-
109.20 
61.43 
-
(4) 
1.951 
1.584 
2.007 
2.012 
1.244 
-
109.12 
61.33 
-
(5) 
1.951 
1.586 
2.006 
2.013 
1.244 
-
109.13 
61.32 
-
(6) 
1.952 
1.586 
2.006 
2.009 
1.245 
-
109.13 
61.32 
-
(7) 
1.932 
1.498 
2.016 
-
1.242 
2.373 
109.3 
61.14 
43.50 
M = Co (1 & 4), Ni (2 & 5) or Cu (3 & 6), br = bridging 
Mossbauer spectral studies 
The representative Mossbauer spectra of the complex | Fe2(imda)2(H20)3Cl] 
(7), recorded at room temperature (RT) and liquid nitrogen temperature (LNT) and 
the various Mossbauer parameters obtained from the computations of the spectral 
data are shown in Fig. 4 and Table 3, respectively. Least square fitting and 
Lorenzian line shape were used for the spectral plots. The spectrum recorded at room 
temperature (RT) exhibited only a single set of doublet suggesting the presence of 
only one type of iron nuclei in the complex moeity. However, at low temperature, 
this doublet splits giving two separate sets. The appearance of two separate sets of 
doublets of isomer shifts (6i = 0.38 mm/s; 82 = 0.33 mm/s, A5 = 0.05 mm/s) and 
quadrupole splittings (AEQI = 1.06 mm/s; AEQ2 = 0.57 mm/s) indicate that the two 
Fe centres of the homo-bimetallic complex [Fe2(imda)2(H20)3Cl] (7) do not possess 
the identical oxidation states rather form a mixed-valence state species [28-30] such 
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that there is electron spin exchange coupling between the neighbouring highly 
paramagnetic iron nuclei [Fe"'-Fe"] preferably in anti-ferromagnetic manner. The 
role of this exchange phenomenon would be slow at LNT rendering the difference in 
the electronic environment of the neighbouring nuclei resulting in the appearance of 
two sepairate quadrupole doublets. However at RT, the rate of this intervalence 
charge transfer is very fast such that the nuclei could not be differentiated and 
identified. At LNT the spectrum, which contained two separate doublets in which the 
outer intense doublet (5i = 0.38; AEQI = 1.06 mm/s) and the relatively weak inner 
doublet (62 = 0.33; AEQ2 = 0.57 mm/s), corresponded, respectively, to the Fe(II) and 
Fe(III) nuclei [29], have the area ratio as 2:1 for the Fe":Fe'" doublets. At ~270K the 
two doublets collapsed to only one doublet giving the parameters (5 and AEQ) 
approximately the mean of those of the discrete doublets at low temperature [29]. 
- - ^ ^ ^ ^ ^ ' ^ ^ e ? ^ 0gf^!^^ 
Fig. 4, Mossbauer spectra of [Fe2(imda)2(H20)3Cl] (7) reconied at RT (showing a single 
doublet) and LNT (showing two separate doublets). 
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Table 3, Mossbauer data of complex (7) at room temperature (RT) and liquid 
nitrogen temperature (LNT) 
Complex 
[Fe2(imda)2(H20)3Cl] 
(7) 
Temperature 
LNT 
RT 
I.S. 
(mm/s) 
0.38 
0.33 
0.36 
Q.S. 
(mm/s) 
1.06 
0.57 
0.82 
Line 
width 
0.70 
0.38 
0.54 
% Area 
67.16 
32.84 
49.53 
The observed magnetic moment measured of the complex (7) (^etr- 3.5 BM) 
is considerably lower from that expected either for high-spin Fe(]l]) or high-spin 
iron(II) complexes. However it is very close to the reported for the mixed-valence 
state complex [Fe"Fe"'20(OOCR)6(L)3] [31], having a strong anti-ferromagnetic 
electron spin exchange interaction. The EPR spectral and magnetic moment data for 
the complex have also indicated mixed-valence [Fe"'-Fe"] centres in the present 
complex (7). A bis-carboxylate bridged dinuclear structure as shown in Figs 1-3, 
therefore, seems plausible in view of the bidentate nature of the iminodiacetate 
dianion (imda^"). 
The spectra did not show any magnetic splitting on application of the external 
magnetic field. It indicates that the effective internal magnetic field at the Mossbauer 
nuclei is either absent or is too low to show any significant interaction with the 
nuclear excitation Fe(±3/2->±l/2) and the spin state remains doubly degenerate (i.e. 
the presence of Kramer's degeneracy). The nearly asymmetric nature of the 
quadrupole doublets suggests the presence of a fluctuating electric or magnetic field 
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near the nuclei. Asymmetry in tlie shapes rather than in the areas of quadrupole 
doublet components may arise from a paramagnetic relaxation effect which appears 
to be the spin-spin relaxation on the Mossbauer nuclei [32]. Furthermore, the 
presence of magnetic exchange like intra-molecular anti-ferromagnetic interaction 
between the neighbouring nuclei is expected to enhance the mechanism of the spin-
spin relaration in these molecules. The average peak position (8) is in the positive 
side of the source indicating that the s electron density on the metal ion is smaller 
[33] in the complexes relative to that of the source. 
It is therefore concluded from the present Mossbauer spectral data that the 
complex (7) is a carboxylate-bridged mixed-valent homo-bimetallic species as 
shown in Fig. 3. 
Electrochemical studies 
The cyclic voltammograms for the complexes (6) and (7) recorded at 0.05, 
0.1 and 0,2 Vs ' scan rates are identical suggesting the absence of a quantitative 
chemical disproportionation process during the course of electrochemical studies. 
The voltammogram for (6) contained cathodic peaks at Ep*^  = 0.00 and -0.69 V and 
the reverse cycle exhibited anodic peaks at +0.60 and -0.52 V. The forward and the 
corresponding reverse cycle peaks get coupled to form a well defined redox couple at 
E'^ i/a = +0.3 V and a weak flattened pseudo-redox couple at E^ i/2 = -0.61 V. The 
electrochemical behaviour of the present homo-bimetallic Cu(II) complex (6) is 
radically different from that reported [22,34] for other homo-bimetallic Cu(II) 
complexes derived from the macrocyclic ligands. The position of weak flattened 
pseudo-redox wave (E i^/a = -0.6 V) is consistent with the redox process: 
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[Cu ' i -L — C u " ] . ^^ " [Cu'—L—Cu'] 
while the strong intensity redox wave (E 1/2 = +0.3 V) is assignable [34] to the redox 
process: 
[Cu"—L—Cu"] --^^ • [Cu"i-L—Cu'"] 
However, the additional peak observed at Ep'' = -0.21 V indicates the 
presence of an irreversible process. 
The cyclic voltammogram for [Fe2(imda)2(H20)3Cl] (7) contained a highly 
symmetric reversible redox wave at E^\n - -0.6 V in addition to two weak intensity 
flattened quasi-reversible redox waves at E^ i/2 = +0.15 and +0.75 V. The mechanism 
of redox reactions consistent [35,36] with the electro-chemical data are shown 
below: 
[Fe" —L—Fe"'] . '"" • [Fe'—L—Fe'"] 
le le 
[ F e " - L - F e " ] [Fe^-L-Fe"] 
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CONCLUSION 
The novel homo-bimetallic complexes [M2(imda)2(H20)4], 
[M2(imda)2(Bipy)2] (M = Co, Ni or Cu) and [Fe2(imda)2(H20)3C]], (H2imda = 
iminodiacetic acid and Bipy = 2,2'-bipyridine) have been synthesized and studied 
employing IR, FAB-Mass, 'H & '''C NMR, EPR and ligand field spectra, which 
indicated a high-spin state of metal ion with hexa-coordinate environment. "Pe 
Mossbauer data of the homo-bimetallic complex [Fe2(imda)2(H20)3Cl] confirm a 
high-spin configuration with Fe (±3/2—+1/2) nuclear transitions and the presence of 
Kramer's double degeneracy. At RT, the spin-spin interactions of the neighbouring 
nuclei (Fe^ -^Fe^^ = S5/2-S5/2) are antiferromagneticaliy coupled. However, at LNT, 
the comiplex acquires a mixed-valent [Fe'"-Fe"] composition corroborated from the 
X-band EPR data. CV studies indicated the presence of quasi-reversible redox Cu"'^ , 
Cu"'»',Fe"'^',Fe"'"andFe"\ouples. 
104 
References 
[1] D. Maspoch, D. Ruiz-Molina, J. Veciana, Chem. Soc. Rev. 36 (2007) 770. 
[2] M. Eddaoudi, D.B. Moler, H. Li, B. Chen, T.M. Reineke, M. O'Keeffe, O.M. Yaghi, 
Ace. Chem. Res. 34 (2001) 319. 
[3] C. Janiak, Dalton Trans. (2003) 2781. 
[4] O. Kalm, Molecular Magnetism, VCH Publ., New York, 1993. 
[5] D. Gatteschi, O. Kahn, J.S. Miller, F. Palacio, Magnetic Molecular Materials, Vol. E198, 
Plenum, New York, 1991. 
[6] W.H. Armstrong, A. Spool, G.C. Papaefthymiou, R.B. Frankel, S.J. Lippard, J. Am. 
Chem. Soc. 106(1984)3653. 
7] K. Kim, S.J. Lippard, J. Am. Chem. Soc. 118 (1996) 4914. 
8] S.J. Lippard, J.M. Berg, Principals of Bioinorganic Chemistry, University Science 
Books, Mill Valley, CA 94941, 1994. 
9] R.H. Holm, P. Kennepohl, E.I. Solomon, Chem. Rev. 96 (1996) 223937. 
0] B.K. Wallar, J.D. Lipscomb, Chem. Rev. 96 (1996) 2625. 
11] G.C. Dismukes, Chem. Rev. 96 (1996) 2909. 
12] D.M.. Kurtz Jr., J. Biol. Inorg. Chem. 2 (1997) 159. 
13] H. Chao, W.-J. Mei, Q.-W. Huang, L.-N. Ji, J. Inorg. Biochem. 92 (2002) 165. 
14] A. Neves, H. Terenzi, R. Horner, A. Horn Jr., B. Szpoganicz, J. Sugai, Inorg. Chem. 
Commun. 4(2001)388. 
15] L. Carlucci, G. Ciani, D.M. Proserpio, Coord Chem. Rev. 246 (2003) 247. 
16] P.A. Gale, Coord. Chem. Rev. 199 (2000) 181. 
17] P.M. Forster, N. Stock, A.K. Cheetham, Angew. Chem., Int. Ed 44 (2005) 
7608. 
18] Z.A. Siddiqi, M. Shahid, M. Khalid, S. Kumar, Eur. J. Med. Chem., 44 (2009) 2517. 
19] D. Hinks, J. Lye, H.S. Freeman, Computer Aided Dyestuff Design Book of Paper-
AATCC, International Conference and Exhibition, Atlanta, Georgia, 1995,74 pp. 
20] VV.J. Geary, Coord Chem. Rev. 7 (1971) 81. 
21] Z.A. Siddiqi, S. Kumar, M. Khalid, M. Shahid, Spectrochim. Acta Part A 71 (2009) 
1845. 
22] Z.A. Sidcjiqi, M.M. Khan, M. Khalid, S. Kumar, Trans. Met. Chem. 32 (2007) 927. 
23] K. Nakamoto, Infirared and Raman Spectra of Inorganic and Coordination Compounds, 
Wiley-Interscience, New York, 1986. 
[24] Z.A. Siddiqi, R. Arif, S. Kumar, M. Khalid J. Coord Chem. 61 (2008) 2032. 
105 
[25] (a) F. Lions, l.G. Dance, J. Lewis, J. Chem. Soc. A. (1967) 565; 
(b) B.F. Hoskins, R. Robson, G.A. Williams, Inorg. Chim Acta. 16 (1976) 121. 
[26] A.B.P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Amsterdam, 1984. 
[27] A.X. Trawtwein, E. Bill, E.L. Bominaar, H. Winkler, Structure and Bonding (Berlin) 78 
(1991)1. 
[28] M.B. Robin, P. Day, Mixed Valency Chemistry-A Survey and Classification, Adv. 
Inorg. Chem. Radiochem., Academic Press, New York and London, 10 (1967) 247. 
[29] T.-Y. Dong, D.N. Hendrickson, K. Iwai, M.J. Cohn, S.J. Geib, A.L. Rheingoid, H. 
Sano, I. Motoyama, S. Nakashima, J. Am. Chem. Soc. 107 (1985) 7996. 
[30] B.H. Huynh, J.J.G. Moura, I. Moura, T.A. Kent, J. LeGall, A.V. Xavier, E. Munck, J. 
Biol. Chem. 225 (1980) 3242. 
[31] R.D. Cannon, R.P. White, Prog. Inorg. Chem. 36 (1988) 195 
[32] M. Blume, J.A. Tjon, Phys. Rev. 165 (1968)446. 
[33] M. Blume, Phys. Rev. Lett. 18 (1967) 305. 
[34] C. Dendrinou-Samara, P.D. Janakoudakis, D.P. Kessissaglou, G.E. Manoyussakis, D. 
Mentzapfos, A. Terzis. J. Chem. Soc, Dalton Trans. (1992) 3259. 
[35] J.P. Battioni, D. Lexa, D. Mansuy, J.M. Seveant, J. Am. Chem. Soc, 105 
(1983)207. 
[36] D. Lexa, J. Mispeller, J.M. Saveant, J. Am. Chem. Soc, 103 (1981) 6806. 
106 
Chapter 5 
Synthesis, characterization and antimicrobial 
activities of benzimidazole derived complexes 
0fLa3^Pr3^Nd3^andGd3-
3 26vCt 
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INTRODUCTION 
The metal complexes with biologically relevant ligands have attained a centre 
stage of investigations by coordination and bio-inorganic chemists. A number of 
such complexes have been exploited to serve as models on account of their 
promising contribution to understand the nature of the active biting sites and metal 
ion binding or encapsulations in metallo-proteins and -enzymes. Several ligands 
which have very close structural features or proximity to the macro-biomolecules 
have been prepared and characterized [1^] by bio-coordination chemists in this 
regard. Imidazoles and its derivatives are known to have a broad biological 
significance [5-7]. The moiety also acts as a potential coordinating agent towards 
metal ions. The coordination ability of a number of monodentate benzimidazole 
derivatives has been thoroughly investigated and reported [8,9] in literature. Metal 
complexes of polyfianctional benzimidazole and its derivatives have attracted the 
attention as they are capable to generate supramolecular self-assembly via inter-
ligand hydrogen bonds [10-12]. The nature of linking group between the 
benzimidazole moieties in such ligands as well as that of the counter anions in the 
complexes probably play important role in the supramolecular architecture. The use 
of low-molecular weight model compounds of these biological macro-molecules has 
proved to be very useful and in some cases the only possible way to visualize the 
binding modes, structures and functions of the active sites. The presence of 
substituents in the tripodal moeity RnX(CH2Blz)m-n (X = N, R == H or alkyl group, n 
= 0 or 1, m = 3; X = O, n = 0, m = 2 and Biz = benzimidazole), have a remarkable 
effect [13] on the structure and the coordinating ability of the ligand. Such tripodal 
ligands are especially suitable to assess the electronic and geometrical factors 
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regulating the function of tlie Cu-proteins [14,15]. The stereochemical investigations 
of transition metal complexes of the tripodal ligands [1-7], bearing four potential 
coordinating sites have indicated a coordinatively unsaturated penta-coordinate 
geometry for these complexes. The formation of actual five coordinate square 
pyramidal or trigonal bipyramidal geometry strongly depends on the ligand topology, 
nature of the donor groups, the symmetry of the ligand and the constitution of the 
pendent arms or substituents. The chemistry of the analogous dipodal ligands such as 
HN(CH2lmz)2 and HN(CH2Blm)2 (Imz = imidazole and BIm = benzimidazole) has 
recently been reported [16]. These dipodal ligands, in general, result in complexes 
having coordinatively saturated hexa-coordinate geometry with divalent and trivalent 
3d metal ions. However, investigations for the ligating behaviour of such dipodal 
ligands towards lanthanide group metal ions which are capable to expand their 
coordination number upto eight are scarce. Furthermore, during the last few decades, 
a variety of lanthanide complexes have been shown to exhibit wide applications in 
medicines, radiopharmaceuticals and as MRI agents etc. [17-20]. OflF late, the 
coordination chemistry of lanthanide metals has received emphasis due to their 
potential use as luminescent materials [21] and also in the development of 
supramolecular photochemistry [22]. Here-in we report the spectral characterization 
and biological screening of a few lanthanide complexes of the dipodal ligand 
bis(benzimidazole-2'-yl-methyl)amine, Blmz. 
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EXPERMANTAL 
Materials 
All the reagents used were of analytical grade. Iminodiacetic acid (E. Merck) 
and 1,2-diaminobenzene (E. Merck) were used as received while metal salts were 
recrystallized and solvents were purified by standard procedures before use [23]. The 
salts LnCl3 6H20 and Ln(C104)3 SHaO were prepared according to the standard 
methods. 
Instrumentation 
IR spectra were recorded on a Perkin-Elmer spectrum GX automatic 
recording spectrophotometer as KBr disc. 'H and '^ C NMR spectra of compounds 
dissolved in CD3OD were recorded on a Brucker DRC-300 spectrometer using 
SlMen (TMS) as internal standard. Electronic spectra and conductivities of an 
aqueous solution of the complexes were recorded on a Cintra-5GBS UV-Visible 
spectrophotometer and Systronics-305 digital conductivity bridge, respectively, at 
room temperature. Fluorescence excitation and emission spectra were measured on a 
RF-530IPC fluorescence spectrophotometer with a 450 W xenon lamp as excitation 
source. FAB-Mass spectra were recorded on Jeol SX-102/DA-6000 mass 
spectrometer using argon (6 kV, 10mA) as the FAB gas. The accelerating voltage 
was 10 kV and the spectra were recorded in w-nitrobenzyl alcohol (NBA) matrix. 
The matrix peaks appeared at miz = 136, 137, 154, 289 and 307. Magnetic 
susceptibility on the solid complexes were made at RT by Gouy method using 
Hg[CoNCS)4] caliberant. Microanalysis for C, H and N were obtained from 
Microanalytical Laboratories, CDRI, Lucknow. Thermal gravimetric analysis (TGA) 
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data was measured from room temperature upto 600 °C at a heating rate of 20 
°C/min. The data were obtained using a Shimadzu TGA-50H instrument. Cyclic 
voltammograms were recorded on a CH-Instrument Electro-Chemical Analyzer 
using tetraethyiammonium perchlorate as a supporting electrolyte at room 
temperature. A three cell electrode is used which contains a Pt micro cylinder 
working electrode, Pt wire as auxiliary electrode and Ag/AgCl as the reference 
electrode. The voltammograms were generated through computer stimulation giving 
the magnitudes of reduction, oxidation and half-wave potentials of the redox 
processes. Melting points reported in this work were not corrected. 
Prepa ration of the ligand (Blmz) 
Iminodiacetic acid (8.0 g, 60.0 mmol) and 1,2-diaminobenzene (13.0 g, 120.0 
mmol) were ground and thoroughly mixed in a mortar as a fine homogeneous 
mixture. This mixture was taken in a pyrex tube along with a few drops of ortho-
phosphoric acid. It was sealed under N2 atmosphere then heated at 190 °C for 2 h 
immersed in an oil bath. On cooling brought to room temperature, a dark coloured 
hard solid mass was obtained, which was crushed to fine powder. It was extracted in 
a magnetically agitated 500 mL of methanol, filtered off and the black residue was 
discarded. The brown colour extract was evaporated to dryness under vacuum to give 
raicrocrystalline solid. The solid was recrystallized from methanol. 
[Pini: colour, m.p. 160 °C, yield 68%]. Anal. Calc. for CieHisNs: C 69.31, H 5.41, N 
25.27%. Found: C 69.67, H 5.35, N 25.56%. FAB-Mass spectrum (m-
nitrobenzylalcohol, NBA matrix): m/z = 278 (99%), [BIm.z+H]^ ; m/z = 160 (34%), 
[BImz-C6H4(NH)NC]"; m/z = 146 (52%), [BImz-€6H4(NH)N C CHi]^; m/z = 131 
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(42%), [BIm-C6H4(NH)N C CH2 NHf; m/z = 132 (23%), [Blm-
C6H4(NH)NCCH2NH+H]^; m/z = 108 (43%), [C6H4(NH)N+3H]^ ; m/z = 244 
(68%), [C6H4(NH)N+2H+Bz2]^ ; m/z = 567 (64%), [BImz+Bz4+H]'; m/z = 431 
(62%), [Blm+Bza]"^ . [Fragments for NBA matrix, appear at m/z = 136 (Bzi), 137 
(Bz2), 154 (Bz3), 289 (BZ4) and 307 (BZ5)]. 'H NMR (CD3OD, ppm) S: 7.31 {m, 4H, 
ring proton), 7.52 {m, 4H, ring protons), 4.18 (s, 4H, CH2). '^ C NMR (CD3OD, ppm) 
S: 141.3 (C=N),n„ 115.8, 125.1,141 (C<;)ar, 40.3 (-CH2-N). 
General procedure for the synthesis of the complexes (1-8) 
A methanolic solution (10 mL) of the metal chloride (LnCb 6H2O) or metal 
perchlorate [Ln(C104)3 3H2O] (5 mmol) was dropped to a magnetically stirred 
solution of the ligand (1.3 g, 5 mmol) taken in 40 mL methanol at room temperature. 
The stirring was continued for ~2 days at room temperature, mixed with diethyl ether 
with stirring to effect immediate precipitation. The precipitate was filtered ofi^  
washed with three 2 mL portions of methanol and finally dried under vacuum. 
Attempts for the recrystallization of the complexes in different solvents could not 
provide single crystals suitable for X-ray crystallographic studies. 
[La(BImz)Cl3H20] iHiO (1) 
[Pale yellow, m.p. 245 °C, yield 65%,]. Anal. Calcd. for CieHziNjOsLaCb: C 
33.33, H 3.67, N 12.15%. Found: C 33.40, H 3.63, N 12.54%. Molar conductance, 
An, (in 10"^ M CH3OH): 23 ohm'cm^mof'. FAB-Mass (m-nitrobenzylalcohol, NBA 
matrk): w/z= 541 (38%), [La(Blmz)Ci3H20+Hf; w/z = 521 (24%), [La(BImz)Cl3-
H]'; m/z - 487 (16%), [La(Blmz)Cl2]^ m/z = 454 (<10%), [La(Blmz)Cl+2H]^; m/z -
417 (27%), [La(Blmz)+H]^. [The mass spectra of the complexes contained bunch of 
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peaks pertinent with the natural isotopes abundance ratio. The La as well as CI nuclei 
are iaiown to exhibit two naturally occurring isotopes with varying natural 
abundance. The m/z value of the isotope having highest intensity has been 
considered]. 'H NMR (CD3OD, ppm) k 7.10 (w, 4H, ring proton), 7.21 (w, 4H, ring 
protons), 3.91 (5, 4H, CH2). '^ C NMR (CD3OD, ppm) 6: 141.6 (C=N)jn„ 115.3, 
122.7, 139.8 (C=C)ar, 36.0 (-CH2-N). 
[Pr(B[mz)Cl3H20] 3H2O (2) 
[Yellow, m.p. 240 °C, Yield 62%]. Anal. Calcd. for C,6H23N504PrCl3: C 
34.21, H 3.89, N 11.74%. Found: C 34.30, H 3.33, N 11.37%. Molar conductance, 
Am (in 10^ M CH3OH): 27.5 ohm'cm~mor'. FAB-Mass (m-nitrobenzylalcohol, 
NBA matrix): m/z = 544 (40%), [Pr(Blmz)Cl3H20+2H]'; m/z = 523 (26%), 
[Pr(B!mz)Cl3-H]'; m/z = 489 (32%), [Pr(BImz)Cl2]'; m/z = 455 (17%), [Pr(BImz)Cl 
+ 2H]^; m/z = 4\^ (<10%), [Pr(Blmz)]^ 'H NMR (CD3OD, ppm) d: 5.22 (m, 4H, 
ring proton), 6.32 (m, 4H, ring protons), 4.87 (s, 4H, CH2). '^ C NMR (CD3OD, ppm) 
3: 139.9 (C=N),„, 115.6, 123.1, 139.7 (C=C)ar, 35.9 (-CH2-N). 
[Nd(BImz)Cl3H20] H2O (3) 
[Brown, m.p. 242 °C, Yield 63%]. Anal. Calcd. for CeHigNjOaNdCb: C 
33.34, H 3.32, N 12.16%. Found: C 33.28, H 3.10, N 12.45%. Molar conductance, 
An, (in 10^ M CH3OH): 25 ohm'cm^moP'. FAB-Mass (m-nitrobenzylalcohol, NBA 
matrbc): m/z = 545 (42%), [Nd(Blmz)Cl3H20+2H]^; m/z = 526 (28%), 
[Nd(BImz)Ci3+H]"; m/z = 488 (<10%), [Nd(BImz)Cl2-H]^; m/z = 419 (16%), 
[Nd(BImz)+H]'. 'H NMR (CD3OD, ppm) S: 5.31 (m, 4H, ring proton), 6.12 (w, 4H, 
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ring protons), 4.78 {s, 4H, CH2). '^ C NMR (CD3OD, ppm) S: 138.8 (C=N)in„ 114.8, 
122.4, 140.0 (C=C)ar, 36.2 (-CH2-N). 
[Gd(BImz)Cl3H20] 3H2O (4) 
[Yellow, m.p. 240 °C, Yield 70%]. Anal. Calcd. for Ci6H23N504GdCl3: C 
31.35, H 3.78, N 11.42%. Found: C 32.01, H 3.82, N 11.10%. Molar conductance. 
Am (in 10"^  M CH3OH): 38.5 ohm^'cm^mop'. FAB-Mass (m-nitrobenzylalcohol, 
NBA matrix): m/z = 558 (43%), [Gd(Blmz)Cl3H20-H]^ m/z = 543 (34%), 
[Gd(Blmz)Cl3+2Hf; m/z = 506 (<10%), [Gd(BImz)Cl2]'; m/z = 436 (<10%), 
[Gd(BImz)+H]\ 'H NMR (CD3OD, ppm) S: 5.24 (m, 4H, ring proton), 6.52 (m, 4H, 
ring protons), 4.90 {s, 4H, CH2). '^ C NMR (CD3OD, ppm) S: 139.7 (C=N)i„, 115.1, 
123.2, 139.4 (C=C)ar, 37.6 (-CH2-N). 
[La(BImz)(CI04)3H201 H2O (5) 
[Pale yellow, m.p. 250 °C, Yield 66%]. Anal. Calcd. for CieHipNsOMLaCls: 
C 27.99, H 2.79, N 10.20%. Found: C 27.52, H 2.67, N 10.34%. Molar conductance. 
An, (in 10^ ^ M CH3OH): 24.5 ohm'cm^moP'. FAB-Mass (m-nitrobenzylalcohol 
NBA, matrix): m/z = 729 (41%), [La(Blmz)(CI04)3H20-2H]^; m/z = 715 (18%), 
[La(BImz)(C104)3+2H]^ ; m/z =6\4 (23%), [La(BImz)(CI04)2] ;^ m/z = 516 (<10%), 
[La(BImz)(C104)+H]^ ; m/z = 417 (13%), [La(BImz)+H]'. 'H NMR (CD3OD, ppm) 
S: 5.12 (m, 4H, ring proton), 6.44 (m, 4H, ring protons), 4.80 (s, 4H, CH2). '^ C NMR 
(CD3OD, ppm) d: 139.4 (C^N)™, 115.8,122.9, 139.1 (C=C)ar, 35.8 (-CH2-N). 
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[Pr(BImz)(C104)3H20] 3H2O (6) 
[Yellow, m.p. 250 °C, Yield 66%]. Anal. Calcd. for C,6H23N50,6PrCl3: C 
26.52, H 3.20, N 9.66%. Found: C 26.30, H 3.54, N 9.38%. Molar conductance. Am 
(in 10^ M CH3OH): 21 ohm^'cm^mor'. FAB-Mass (m-nitrobenzylalcohol, NBA 
matrix): m/z = 734 (42%), [Pr(Blmz)(C104)3H20+H]"; miz = 716 (<10%), 
[Pr(BIm2)(C104)3+H]^ ; m/z = 616 (14%), [Pr(BImz)(C104)2]^ ; m/z = 418 (22%), 
[Pr(Blmz)]^ 'H N M R (CD3OD, ppm) 6: 5.5 (m, 4H, ring proton), 6.35 (m, 4H, ring 
protons), 4.42 {s, 4H, CH2). '^ C NMR (CD3OD, ppm) k 138.7 (C=N),„, 114.9, 
123.2, 139.4 (C=C)ar, 37.1 (-CH2-N). 
[Nd(BImz)(C104)3H201 -IHzO (7) 
[Brown, m.p. 250 °C, Yield 66%]. Anal. Calcd. for Ci6H2iN50i5NdCl3: C 
27.07, H 2.98, N 9.86%. Found: C 27.81, H 2.32, N 9.34%. Molar conductance, A^ 
(in 10 ^ M CH3OH): 34.5 ohm'cm^morV FAB-Mass (m-nitrobenzylalcohol, NBA 
matrix): m/z = 735 (45%), [Nd(Blmz)(C104)3H20+H]'; m/z = 7 1 5 (35%), 
[Nd(BImz)(C104)3-H] ;^ m/z = 619 (28%), [Nd(BImz)(CI04)2+2H] ;^ m/z = 516 
(<10%), [Nd(BIniz)(Ci04)-2H]^; m/z = 420 (24%), [Nd(BImz)+H]^ 'H NMR 
(CD3OD, ppm) 5: 5.33 (w, 4H, ring proton), 6.14 (w, 4H, ring protons), 4.76 (5, 4H, 
CH2). '^ C NMR (CD3OD, ppm) &. 139.2 (C=N),m, 115.5, 123.4, 139.8(CK:)ar, 37.5 
(-CH2-N). 
[Gd(BImz)(CI04)3H20] -IHzO (8) 
[Brown, m.p. 250 °C, Yield 66%]. Anal. Calcd. for Ci6H2iN50i5GdCl3: C 
26.58, H 2.93, N 9.69%. Found: C 26.86, H 2.54, N 9.33%. Molar conductance, A^ 
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(in 10^ M CH3OH): 26 ohm ' cm^mor'. FAB-Mass (m-nitrobenzylalcohol, NBA 
matrix): miz = 751 (44%), [Gd(BImz)(Ci04)3H20+H]^; miz = 734 (34%), [Gd 
(BIm2)(C104)3+2H]^ ; m/z = 535 (14%), [Gd (BImz)C104+H]*; m/z - 434 (33%), [Gd 
(Blmz)-H]^ 'H NMR (CD3OD, ppm) b: 5.6 {m, 4H, ring proton), 6.45 (m, 4H, ring 
protons), 4.47 {s, 4H, CH2). "C NMR (CD3OD, ppm) <5: 139.4 (C=N)in„ 115.3, 
123.6, 139.8 (C=C)ar, 35.2 (-CH2-N). 
Safety Note: Perchlorate salts of metal complexes with organic ligands are often 
potentially explosive, but we did not experience such behavior for our compounds. 
Antimicrobial assays 
The antimicrobial screening was performed by reported method [24], against 
the micro-organisms Pseudomonas aeruginosa. Bacillus cirroflagellosus, Aspergillus 
niger and Penicillium notatum, using the concentration 1 mg/mL of test solutions in 
DMSO. The standards used were Greseofolvin and Norfloxacin against fimgi and 
bacteria respectively. 
Molecular model computations 
CSChem-3D-M0PAC software [25] has been used to get the minimum 
energy perspective plots for the geometries of the complexes. This provides the most 
stable (ground state) arrangement of the ligand environment around the metal ions. 
The structural parameters like relevant bond lengths and bond angles were also 
computed. 
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Calculations 
The nephelauxetic effect is a measure of the degree of covalency (^ av) of the 
M-ligand bond(s) in the complexes. There is a considerable reduction in the 
magnitude of the radial integral regarding the metal ions valence orbitals in the 
process of complex formation. Nephelauxetic ratio, )9av [26] can be calculated from 
the relation 
ftv = l E ^ (.) 
where Ucomp and Uaq are the energies (cm"') of the f-f bands observed in the 
complexes and their aquo counter parts, respectively. The f-orbita!s when involved in 
covalent bond formation with the ligand, the metal ion 4f wave function (^ 4f) is 
expressed [27] by the expression 
< <^ 4fl = (1 - b)"^ < 4f| - b'r' < <^ iigandl (2) 
where b"^ measures the amount of 4f-ligand orbital mixing and is calculated [28] 
from the relation 
b'/2 ( l - « 
1/2 
(3) 
The positive and negative values of b"" for a complex correspond to covalent 
and ionic characters, respectively. The Sinha's covalency parameter {§), which is a 
ftinction of the nephelauxetic ratio (^ av), is calculated from the equation [29] 
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8=^±-M.W0 (4) 
The oscillator strength is defined as the measure of the intensity of the 
absorption bands arising from the f-f transition. Its magnitudes for the 
experimentally observed absorption bands termed as P^xp is calculated from the 
following expression [30], 
\xp=4.31 xlO-^ 9r? 
W + 2t\ 
s[v) dv (5) 
where v, e and t] are the energy (cm '^) of transition, molar extinction coefficient and 
the refractive index of the medium, respectively. The calculated oscillator strength 
(Z'caic) is computed [31] from the relation given by eq (6), which expresses the ligand 
field interaction with the 4f radial eigen fiinction of the central ion causing a mixing 
of higher configuration of opposite parity into the 4f configuration giving rise to 
induced electronic dipole transitions i.e. 
A=2,4,6 
where u is the energy of the transition, \|/J^VV and U'' is the unit tensor operator 
connecting the initial and the final states via three phenomenological parameters Tx 
(k = 2, 4 and 6). These three parameters are related to radial part of the 4f wave 
functions, the wave functions of the perturbing configurations, the refractive index of 
the medium and the ligand field parameters. 
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RESULTS & DISCUSSION 
Syntheses 
The ligand bis(benzimida2ole-2'-yl-methyl)amine (BImz) was obtained 
employing a condensation reaction between iminodiacetic acid, HN(CH2COOH)2 
and 1,2-diaminobenzene in presence of the catalyst, ortho-phosphoric acid under 
melt condition (~190 °C). The spectral characterizations which include IR, FAB-
Mass, 'H and '^ C NMR have confirmed its formation via a ring closure mechanism 
as shown in Scheme 1. The ligand moiety has two benzimidazole rings attached 
through a secondary amine fimction via methylene (-CH2-) skeleton (Fig. 1). The 
ligand exhibits a considerable reactivity towards the rare earth salts MX3 nH20 (M = 
La, Pr, Nd or Gd; X = CI, n = 6; X = CIO4, n = 3) affording solid products which are 
stable in air and moisture. All the compounds are fairly soluble in alcohol and melt 
with decomposition below 300 °C. The observed molar conductivities (Am<50 ohm" 
'cm"mor') for the 10"^  M methanolic solution of the complexes indicate a non-
electrolytic nature in solution [32]. The conductivity data suggest a considerable 
extent of interaction of the counter Cr/C104'' anion to the metal ion such that it also 
participates in coordination (Figs. 2 and 3). This is not an unusual behaviour in view 
of the reports that halide and perchlorate counter anion can bind metal ions as a weak 
coordinating ligand [16,33]. 
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Scheme 1. Proposed mechanism for the formation of the ligand (BImz) 
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Analytical and FAB-Mass spectral studies 
The analytical data of the compounds are consistent with their proposed 
molecular formulae. FAB-Mass spectral studies have been performed for the 
complexes to fiirther ascertain the stoichiometrics proposed from the analytical data. 
FAB-Mass spectrum of the ligand (BImz) exhibited a strong intensity (99% 
abundance) peak at m/z = 278 assignable to the molecular ion [(BImz)+H]^. 
Additional prominent peaks (-65% abundance) at m/z = 244, 431 and 567 are 
consistent with the formation of the species [C6H4(NH)N+2H+Bz2]^ , [Blmz+Bzs]^ 
and [BImz+B24+H]^ , respectively, which are addition products of the molecular ion 
with the various matrix fragments (Bz2, Bza and BZ4). Several weak to strong 
intensity peaks were also observed assigned to the species generated from fiirther 
thermal fragmentations of the molecular ions under FAB-Mass condition. The FAB-
Mass spectra of complexes (1-8) exhibited peaks (-40% abundance) consistent with 
the formation of the molecular ions [La(BImz)Cl3H20+H]^  (m/z = 541), 
[Pr(Blmz)Cl3H20+2Hf {m/z = 544), [Nd(Blmz)Cl3H20+2H]^ (m/z = 545), 
[Gd(BImz)Cl3H20-H]^ (m/z = 558), [La(Blmz)(C104)3H20-2H]^ {m/z = 729), 
[Pr(Blmz.)(C104)3H20+H]" {m/z = 734), [Nd(Blmz)(C104)3H20+Hf {m/z = 751) and 
[Gd(BImz)(CI04)3H20+H]^ {m/z = 687). However, these molecular ions lose the 
auxiliary ligands i.e. H2O and the counter anions (CI" or CIO4) in a step-wise 
manner to produce the corresponding ultimate fragmentation species [La(BImz)+H]'^  
{m/z = 417), [Pr(BImz)]^ (m/z = 418), [Nd(BImz)+H]^ {m/z = 419), [Gd(BImz)+H]^ 
{m/z = 436), [La(BImz)+H]^ {m/z = 417), [Pr (Blmz)]^ {m/z = 418), [Nd (Blmz)+H]^ 
{m/z = 420), and [Gd (Blmz)-H]" (m/z = 434). The present dipodal ligand (Blmz) 
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behaved as a strong chelating moiety towards the lanthanide metal ions such that the 
resulting complex species are considerably stable even under FAB-Mass condition. 
%«v 
# Cmboa 
C Hycboaeu 
Fig. 1. The perspective view of the ligand (BImz). 
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Fig. 2. The perspective view of the complexes (1-4). 
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Fig. 3. The perspective view of the complexes (5-8). 
IR spectra 
FT-IR spectra of the ligand alongwith the complexes (1-8) provide ample 
information regarding the nature of the various ligating moieties present in the 
coordination sphere. The binding characteristic of the primary ligand 
bis(benzimidazole-2'-yl-methyl)amine (Blmz) and the auxiliary ligands i.e. H2O and 
the counter anions have been analyzed from the IR data. IR spectrum of the free 
uncoordinated Blmz exhibited strong intensity absorption frequencies characteristic 
of the v(C=N) and v(C=C) stretching vibrations of the benzimidazoie ring [34] in 
addition to that arising from v(N-H) stretching vibration. The position of the v(N-H) 
stretching vibration is significantly shifted (Av = 50 cm~') to a lower frequency in the 
complexes (1-8) relative to that observed in the free ligand (Table 1). This negative 
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shift indicates a coordination of the metal ions to the secondary amine nitrogen. The 
spectra of the complexes contained a broad band in the 3350-3470 cm"' region and a 
medium intensity band at -940 cm ' corroborating [35] the presence of coordinated 
as well as lattice water molecule in the molecular unit of the complex. In addition, 
the observed small positive shift (Av -20-25 cm"') in the characteristic o(C=N) 
imida2:oles ring vibration is due to the coordination from the pyridyl nitrogens of the 
benzimidazole moeity [34]. The characteristic perchlorate group vib. (vi, V2 and V3) 
were also observed in the spectra of the complexes (5-8). The observed splitting of 
the degenerate fimdamental V2 (E) stretching vibration is an indication of a lowering 
in the symmetry of the counter perchlorate group vis-a-vis free CIO4 anion which 
has T,j symmetry. It is well known that the symmetry lowering from perfect Tj in 
free perchlorate anion to C3V or Cj^ symmetry in complexes indicates a medium to 
strong extent of coordination of the counter anion either as a unidentate or bidentate 
ligand. The (M-N), (M-O) and (M-Cl) bond stretching vibrations for the 
characteristic M-ligand biting sites were observed (Table 1) at the appropriate 
positions in the Far-IR region [35]. 
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Table 1. Important frequencies (cm ') in IR spectra of the ligand (Blmz) and the 
complexes (1-8) with assignments. 
Compound 
(Blmz) 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
u(NH) 
3270s 
3218bw 
3220bm 
3228bm 
3215bm 
3210 
3222 
3216 
3195 
l)(C=N)n„g 
1600s 
1624s 
1620s 
1625s 
1624s 
1610s 
1627s 
1625s 
1608s 
\)(C=C)ring 
1438s 
771s 
718s 
1433s 
773s 
722s 
1427s 
768™ 
720s 
1429s 
768n, 
725s 
1428s 
769™ 
723s 
1431s 
760™ 
725s 
1428s 
772™ 
728s 
1438s 
763™ 
720s 
1440s 
766™ 
719s 
u(M-N) 
424™ 
420™ 
425™ 
418™ 
425™ 
423™ 
420™ 
419™ 
ui 
1140s 
1145s 
1150s 
1148s 
\)(CI04) 
t)2 
1055s 
1100s 
1058s 
1105s 
1055s 
1110s 
1050s 
1108s 
U3 
624™ 
618™ 
622™ 
628™ 
u(M-Ci)/ 
i)(M-0) 
232™ 
245™ 
249w 
234™ 
482™ 
478™ 
485™ 
479w 
m = medium, s = sharp, b = broad, w = weak 
NMFt^  spectra 
The position with assignments [36] of the 'H and '^ C NMR resonance signals 
observed in the spectra of the ligand and the complexes are summarized in the 
Experimental Section. The two well resolved equal intensity symmetrical multiplets 
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observed for the aromatic protons alongwith a singlet at 4.18 ppm are characteristic 
of the AA', BB' substitutions of the aromatic rings [37]. The symmetrical nature of 
the observed resonance peaks is consistent with a two fold molecular symmetry (C2v 
point group) of the ligand molecule. However, in the complexes, the resonance 
signals characteristics of these protons are shifted considerably to the low field side. 
This is not an unusual observation in view of the well known properties of the 
lanthanide complexes which are considered as NMR shift reagents [38]. The 
resonance signals observed in '^ C NMR spectra of the complexes have a slightly 
broad feature with a significant shift in their position relative to that observed in the 
fi-ee ligand. 
Thermal studies 
Thermo gravimetric analysis (TGA) was performed to ascertain if the solvent 
(water) molecules present in the complexes are associated in the coordination sphere 
or in the crystal lattice or both [39]. The TGA curves of the complexes showed three 
decomposition steps (Scheme 2). The initial weight loss of 6.4%, 9.3%, 3.6% and 
8.01% for the complexes (1), (2), (3) and (4), respectively in the 25-120 °C 
temperature range correspond to the loss of non-coordinated or lattice water 
molecule(s) [Calc.%: 6.25% (1), 9.06% (2), 3.12% (3) and 8.80% (4)]. Similar 
behaviour was also indicated for the perchlorate complexes (5-8), in which the 
initial loss for the lattice water was 2.12%, 6.23%, 4.28% and 4.17% for the 
complexes (5), (6), (7) and (8), respectively [Calc.%: 2.4% (5), 6.85% (6), 4.65% 
(7) and 4.58% (8)]. The observed weight losses for the various complexes indicate 
presence of one water molecule in (3) and (5), two water molecules in (1), (7) and 
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(8) and three water molecules in (2), (4) and (6) in the lattices. The observed weight 
loss of-3% for all the complexes (1-8) in the range 165-220 °C corresponded to the 
presence of only one water molecule in the coordination sphere [39]. Again, the 
weight loss -25-30% in the temperature range (221^75 °C), corresponds to 
decomposition of the ligand moiety. Furthermore, weak endothermic peaks observed 
in DTA curve in the 90-100 °C and 190-215 °C region in all the complexes are due 
to the corresponding loss of lattice and coordinated water molecules [39], 
respectively. The exothermic peaks in the range 170-210 °C and 400-450 °C are 
assignable to the decomposition of the organic ligand moiety. 
[La(BImz)a3H20]-2H20 -2H2O 
30-120 "C [La(BImz)a3H20] 
(a) 
-H2O 
165-220 °C 
*• [La(BImz)a3] 
221-475 °C 
decomposition of the 
ligand moeity 
[Gd(B.Im2)(a04)3H20]-3H20 ^Q_^\^,^ > [Gd(BImz)(a04)3H2Q] ^ j f f , , ^ " [G6(BJmzXClO^^] 
180-210 °C 
245-475 °C 
(b) decomposition of flie 
ligand moeity 
Scheme 2. Mechanism for the thermal decomposition of (1) (a) and (5) (b). 
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Electronic absorption and luminescent properties 
The electronic absorption spectra of ligand (BImz) recorded in methanol 
exhibited a strong intensity band (e -1.5 x 10^  LmoP') at 398 nm (25,130 cm"^ ) 
assignable [40] to the electronic transition form the filled n: orbital (HOMO) to the 
empty r* orbital (LUMO) i.e. 7c-*n* transition of the iminic (C=N) function present 
in the ligand moiety. However, the present lanthanide complexes (2, 3, 6 and 7) 
exhibited an intense broad absorption band at ca. 290 nm alongwith relatively weak 
intensity broad envelop of bands in 380-650 nm region. The intense band is 
characteristic of the ligand based ;r—>7r* transition which undergoes a hypsochromic 
shift (shift to a higher wave number or energy) relative to that observed for the free 
uncomplexed ligand moiety. This suggests that in complexes the ground electronic 
state i.e. HOMO (^-orbital) of the (C=N) function of BImz gets stabilized after 
chelation to metal ions. The additional weak intensity bands observed in 380-650 nm 
region are characteristic of the f-f excitations which originate from the 
corresponding 4f configurations of the Ln^ ^ ions. The f-f transition bands for the 
free Ln^ ^ ions as well as aquo complexes, [Ln(H20)6]^ ^ are observed as sharp lines 
[41]. However, their characteristic sharp nature and positions get affected after 
complexation to the organic chelating agents. We have observed a bathochromic 
shift (shift to lower wave number) for the f-f transition absorption bands compared 
to that observed in the corresponding aquo [Ln(H20)6] '^' complexes. This shift 
though not very large is known as the nephelauxetic effect [26]. The ground 
electronic energy states for Pr^ "^  and Nd^ ^ are H^4 and %/2, respectively. The 
positions alongwith the assignment of the important f-f transition bands for the 
complexes are listed in Table 2. The absorption band(s) characteristic of the '^ 05/2, 
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''G7/2*~'*l9/2 transition(s) for the Nd^ ^ which are recognized as hypersensitive band(s) 
[42] usually appear in the 17000-18000 cm"' region. The term hypersensitivity 
refers to the transitions which show a relatively large variability in the magnitudes of 
the oscillator strengths. The position of the band and the corresponding oscillator 
strength depend on the stereochemical environment around the lanthanide ion in the 
complexes. 
Table 2. Oscillator strengths {P x 10^ ) for the complexes (2), (3), (6) and (7). 
Complex Transition Energy 
(cm-5 
exp calc 
[Pr(Blmz)Cl3H20]-3H20(2) ^P2-^H4 
'D2 
[Nd(BImz)Cl3H20] H2O (3) '1/2- 19/2 
15/2 
G9/2 
4G5/2 
G7/2 
[Pr(BImz)(C104)3H20] •3H2O (6) ¥2 ^ % 
'D2 
[Nd(BImz)(C104)3H20] •2H2O (7) ^Fm ^ 'l 9/2 
15/2 
G9/2 
4G5/2 
- ^7/2. 
Hi 1/2 
22,210 
21,050 
20,400 
16,750 
22,220 
20,800 
18,850 
17,200 
22,225 
21,100 
20,380 
16,675 
22,215 
20,785 
18,810 
17,215 
0.2410 
2.4091 
1.0298 
4.3458 
0.1203 
0.1121 
7.2101 
54.6529 
0.6510 
2.3765 
1.1254 
4.2543 
0.1924 
0.2341 
7.4201 
54.1443 
8.1934 
1.3944 
3.9026 
4.3633 
0.0901 
1.2800 
6.2033 
54.7866 
8.2435 
2.5441 
3.6241 
4.2563 
0.1021 
1.2745 
6.4418 
54.1422 
16,000 32.0207 32.1617 
Hypersensitive transitions are enclosed in parentheses. 
The large variability in oscillator strengths for the hypersensitive transitions 
j 3 + 
observed in Nd complexes (2 and 3) is caused by the eigen perturbation [43] as 
129 
proposed by Judd and Ofelt. The symmetry of the crystal fields may also produce a 
pronounced effect [44]. The oscillator strengths (Pexp) alongwith the theoretically 
calculated (Pcaic) for the various f-f transition bands including the hypersensitive 
transition in Nd^ ^ complexes (enclosed in parentheses) are listed in Table 2. 
There is a good correlation between ?exp and Pcaic for the Nd^ * complexes (2 
and 3) indicating that it is in accordance with the intensity theory proposed by Judd 
and Ofelt [41]. However, there is a poor correlation between Fexp and Pcaic for Pr ^ 
complexes (6 and 7). 
The magnitudes of the nephelauxetic ratio O^ av), bonding parameter (b ) and 
the Sinha's covalency parameter (S) evaluated for Pr^ ^ and Nd^ ^ complexes are 
presented in Table 3. The magnitude of the nephelauxetic effect (/?av) is known to 
decrease in the 4f series. The observed y9av values i.e. ;9av <l-0 suggest a considerable 
covalent bonding [26] between the lanthanide ions with the present ligand (BImz) 
moiety. However, )8av for Nd^ ^ complexes are higher (Table 3) compared to the 
corresponding Pr^ ^ complexes. This is not an unusual behaviour in view of a few 
reports [41] available in the literature. The magnitudes of b"^ and d are positive for 
the present complexes which fiirther corroborate a covalent bonding between Ln^ ^ 
and BImz. The observed higher magnitudes of b"'''^  and d indicate a greater extent of 
covalency. 
The excitation and emission (luminescence) spectra of the methanolic solution 
of the complexes (2), (3), (6) and (7) recorded at room temperature irradiated with 
-290 nm and -450 nm excitation wavelengths are shown in Fig. 4. The fluorescence 
spectra irradiated at 290 nm wavelength contained a strong broad absorption band in 
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329-374 nm characterized to the ligand ;r—>r* transitions. The f-f transition bands 
observed in the 529-735 nm region have very weak intensities. However, the nature 
of the fluorescence spectra of the complexes obtained after irradiation at 450 nm 
wavelength, was different in nature. The intensity of the ligand ;r-*;r* transition band 
is weak while the characteristic f-f transition bands attain an unusual strong 
intensities. The appearance of the emission spectra of Ln^ ^ ions observed upon 
excitation at lower (290 nm) as well as higher (450 nm) wavelength suggests that the 
present complexes may have a potential use as fluorescent materials [21]. 
Table 3. Covalency Parameters of the complexes (2), (3), (6) and (7). 
Complex P b TT 
[Pr(BImz)Cl3H20] ^ HzO (2) 0.9791 
[Nd(BImz)Cl3H20] H2O (3) 0.9984 
[Pr(BImz)(C104)3H20] •3H2O (6) 0.9915 
[Nd(BImz)(C104)3H20] 2H2O (7) 0.9923 
0.3232 
0.0282 
0.0651 
0.0620 
2.1346 
0.1602 
0.8572 
0.7759 
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Fig. 4. Fluorescence spectra of the complexes (2), (3), (6) and (7) at the excitation 
wavelengths 290 and 450 nm. 
Molecular model computations 
The molecular modeling computations based on CSChem-3D-M0PAC [25] 
provided the probable molecular structures of the ligand (BImz) as well as of the 
complexes (1-8). The mechanical adjustments via augmented mechanical fields were 
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used to draw the optimized minimum energy plots, as shown in Figs. 1-3. It is 
apparent from Fig. 1 that the hgand (BImz) provides three aza biting sites which do 
not He in the same plane, as such an arrangement would involve high energy. The 
ligand consequently behaves as a tridentate [N,N,N] chelating agent to bind metal 
ions (Figs. 2 and 3) such that a hepta-coordinate geometry around Ln''^  is achieved 
through additional coordination from the counter chloride/perchlorate ion and the 
coordinated water molecule. IR and TGA data (vide supra) support the presence of 
additional coordination from the counter anions and H2O as ligands. The computed 
structural data i.e. important bond lengths and bond angles have been summarized in 
Table 4. 
Table 4. Important calculated bond lengths (A°) and bond angles (°) in the Ln^ ^ 
complexes (1-8). 
Compounds 
Bond lengths 
CO-NH 
NH-CH2 
M-NH 
M-X 
Bond angles 
NH-M-NH 
NH-M-X 
X-M-X 
(1) 
1.446 
1.446 
1.856 
2.170 
91.177 
131.83/ 
43.28 
89.644 
(2) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.42/ 
43.29 
89.644 
(3) 
1.446 
1.446 
1.856 
2.170 
91.177 
131.45/ 
43.28 
89.526 
(4) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.40/ 
43.27 
89.644 
(5) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.64/ 
43.28 
89.844 
(6) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.83/ 
43.26 
89.844 
(7) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.48/ 
43.28 
89.844 
(8) 
1.446 
1.453 
1.856 
2.170 
91.177 
131.83/ 
43.28 
89.844 
M = La (I & 5), Pr (2 & 6), Nd (3 & 7) or Gd (4 & 8); X = CI or ClOt. 
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Cyclic Voltam metric Studies 
The electro-chemical redox properties of metal complexes 
[M(Blmz)Cl3H20] 31420 [M = Pr (2) or Gd (4)] have been studied employing cyclic 
voltammetry in the applied potential range +1.0 to -1.0 v recorded at 0.05, 0.1, 0.2 
and 0.3 vs~' scan rates with reference to Ag/AgCl electrode at room temperature in 
presence of tetrabutylammonium perchlorate as a supporting electrolyte. The 
observed electro-chemical data i.e. magnitudes of the reduction potentials (Ep*^ ), 
oxidation potentials (Ep )^ and half wave potentials (E°i/2) along with the 
representative typical cyclic voltammograms are shown in Figs. 5 and 6. 
~ 0 OE+C>0 
i 
-1 OE-O 5 
2 0E O 5 
X-: 
I , ' = - 0 ^^ V 
I , ' = + 0 27 V 
AE = O 52 V 
I,"/!, ' = I OB 
V 
"X 
\ . 
X 
(D OS D6 0 4 -01 0 0 Si OS 06 OS 10 
Fig. 5. Cyclic voltammogram of [Pr(BImz)Cl3H20] 3H2O (2) in 10~^ M methanol solution at 
0.05,0.1 and 0.2 vs"' scan rates. 
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Fig. 6. Cyclic voltammogram of [Gd(BImz)Cl3H20] -SHjO (4) in 10 '^M methanol solution at 
0.1, 0.2 and 0.3 vs"' scan rates. 
The cyclic voltammogram for the complex [Pr(BImz)Cl3H20] •3H2O (2) 
recorded at 0.05 vs ' scan rate exhibited a weak intensity (Fig. 5) irreversible 
cathodic wave at Ep"^  = -0.25 v, which gained intensity as the scan rate was increased 
from 0.05 to 0.2 v s ' . However, the voltammogram recorded at 0.2 vs~' contained an 
additional weak intensity anodic wave at Ep^  = + 0,27 v, which can be coupled with 
the cathodic wave to generate a flattened quasi-reversible redox wave [45] with E°i/2 
= +0.05 V, peak separation AE = Ep'^ -Ep^= 0.52 v and peak current ratio Ip^ /lp"^  = 1.08. 
This is consistent with the formation of an anodic redox couple Pr""^ via one e" 
redox process i.e. 
[Pr(Blmz)Cl3H20] ^ e - [Pr(BImz)Cl3H20]' 
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The voltammograms for the complex [Gd(BImz)Cl3H20]-31^20 (4) were 
recorded at relatively faster scan rates (i.e. at 0.01, 0.2 and 0.3 vs''), which exhibited 
(Fig, 6) well defined anodic and cathodic waves at +0.18 v and -0.25 v respectively. 
These anodic and cathodic waves get coupled to generate a well defined quasi-
reversible redox wave centered at E°i/2 = -0.035 v (AE = 0.43 v and Ip*/Ip'^  = 0.7), 
consistent with the formation of the redox couple Gd"*^ "^ , i.e. 
[Gd(Blmz)Cl3H20] S ' ^ ' [Gd(BImz)Cl3H20r. 
It is interesting to observe that the magnitude of the E°i/2 is smaller for the 
reversible redox couple Gd"'''^ compared to that of the Pr""^. This suggests that the 
generation of the complex cation species [M(BImz)Cl3H20]^  with a higher oxidation 
state of the metal ion (i.e. M"*^ ) is easier for gadolinium compared to that for the 
praseodymium. This is apparently in line with the well known effect called 
lanthanide contraction [46]. 
Antimicrobial studies 
The in-vitro antimicrobial activities of the ligand and the complexes (1-8) 
were screened against the fungi Aspergillus niger (AN) and Penicillium notatum 
(FN) and the bacteria Pseudomonas aeruginosa (PA) and Bacillus cirroflagellosus 
(BC) using the standard method [24]. Greseofiilvin and Norfloxacin were used as 
standards against fungi and bacteria respectively. 1 mg/mL of the ligand, complexes 
or the standard in DMSO was employed for the experiments. Separate experiments 
were performed to verify the activity of the solvent (DMSO) as control. The cultures 
of the fungi and the bacterici consisted of peptone (0.6%), yeast extract (0.3%), beef 
extract (0.13%) and nutrient agar. The nutrient agar further consisted of definite 
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volumes of peptone (0.5%), yeast extract (0.15%), beef extract (0.15%), NaCl 
(0.35%), dipotassium phosphate (0.36%) and potassium dihydrogen phosphate 
(0.13%). Wells were made by scooping out the nutrient agar with a sterile cork borer. 
The solutions of the test compounds (0.1 mL) were added to the wells using sterile 
pipettes. The plates were further incubated at 37 °C for 48 h. The antimicrobial 
activity was estimated on the basis of size of inhibition zone formed around the wells 
in the plates. It was observed that the ligand (BImz) is less active against both the 
fungi and the bacteria. In case of AN, the complexes (5-8) showed enhanced activity 
compared to the ligand whereas the complexes (1-4) showed activity comparable to 
that of the ligand (BImz). However, in case of PN, enhanced activity compared to the 
ligand was observed for the complex (3) only. The complexes exhibited moderately 
high activities against the gram +ve bacteria (BC) compared to the ligand. However, 
it was indicated from the experiments that for the gram -ve bacteria (PA), the 
complexes do not exhibit any activity compared to the ligand. This inactivity stems 
from the higher lipid content in the cell membrane of PA compared to BC which 
prevents easy diffusion of complex into the cell. On comparison with the ligand the 
complexes were found to have increased activities (Table 5), which are attributed to 
the synergistic effect that increases the lipophilicity of the complex [47]. The 
increased lipophilicities of complexes permit easy penetration into lipid membranes 
of organisms and facilitates blockage of metal binding sites in enzymes. 
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Table 5. Antimicrobial screening of the ligand (BImz) and the complexes (1-8) 
Fungi Bacteria 
Compound AN PN PA EC 
(gram -ve) (gram +ve) 
Ligand (BImz) + + + + 
[La(BImz)Cl3H20].2H20 (1) + + - + + 
[Pr(BImz)Cl3H20].3H20 (2) + + - + + 
[Nd(Blm;:)Cl3H20].H20 (3) + ++ - + + 
[Gd(Blm;0Cl3H2O].3H2O (4) + + - + + 
[La(Blm2:)(C104)3H20].H20 (5) ++ + - + + 
[Pr(B[mz)(C104)3H20].3H20(6) ++ + - + + 
|Nd(BImz)(CI04)3H20].2H20(7) ++ + - + + 
|Gd(BImz)(CI04)3H20].2H20 (8) ++ + - + + 
Grisofiilvin + + + + + + - -
Norfloxacin - - + + + + + + 
Control - - -
Key to interpretation: - = no activity; + = less active; + + = moderately active; + + + = highly active, AN = 
Aspergillus niger, PN = Penicillium notatum, PA = Pseudomonas aeruginosa, BC = Bacillus cirroflagellosus. 
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Conclusion 
The organic moeity bis(benzimidazole-2'-yl-methyl)amine (BImz), used as 
ligand in the present work is quite reactive towards lanthanide salts forming 
complexes characterized from spectral, thermal and electrochemical studies. The 
present studies indicate that the complexes attained a hepta coordinate geometry 
which was further supported from molecular model computations. The oscillator 
strengths and the covalency parameters (fi, b"^ and S) were evaluated from electronic 
spectral studies. The appearance of emission bands in the fluorescence spectra of 
Pr(III) and Nd(Ill) complexes suggests that these complexes may be used as potent 
fluorescent materials. The ligand stabilizes the redox couples Pr"'^ '*' and Gd""'^ in 
the solution as evidenced from CV studies. Some of the complexes exhibited 
increased activity against selective bacterial and flingal stains compared to the free 
ligand. 
139 
References 
[1] S. Chen. J.F. Richardson, R.M. Buchanan, Inorg. Chem., 33 (1994) 2376. 
[2] L.P. Wu, Y. Yamagiwa, I. Ino, K. Sugimoto, T. Kuroda-Sowa, T. Kamikawa, M. 
Munakata, Polyhedron, 18(1999) 2043. 
[3] N. Wei, N.N. Murthy, Z. Tyeklar, K.D. Karlin, Inorg. Chem., 33 (1994) 1177. 
[4] K.J. Oberhausen, R.J. O'Brian, J.F. Richardson, R.M. Buchanan, Inorg. Chim. Acta, 173 
(1990) 1577. 
[5] E. Quiroz-Castro, S. Bemes, N. Barba-Behrens, R. Tapia-Benavides, R. Contreras, H. 
Noth, Polyhedron, 19 (2000) 1479. 
[6] C.-Y. Su, B.-S. Kang, T.-B. Wen, Y.-X. Tong, X.-P. Yang, C. Zang, H. -Q. Liu, J. 
Sun, Polyhedron, 18 (1999) 1577. 
[7] G.J.A.A. Koolhas, W.L. Driessen, J. Reedijik, J.L. Vander Plas, R.A.G. de Graaff, D. 
Gatteschi, H. Koojiman, A.L. Spek, Inorg. Chem., 35 (1996) 1509. 
[8] D.M.L. Goodgame, M. Goodgame, G.W. Rayner Canham, Inorg. Chim. Acta, 6 (1992) 
245. 
[9] MJM Campbell, D.W. Card, R.Grezeskowiak, M. Goldstein, J. Chem. Soc. Dalton 
(1972) 1687. 
[10] W.-Y. Sun, J. Xie, Y.-H. Mei, K.-B. Yu, New J. Chem., 24(2000) 519. 
[11] S.B. Raj, P.T. Muthiah, G. Bocelli, L. Righi, Acta Cryst., E57 (2001) m59]. 
[12] T. Akutagawa, T. Hasegawa, T. Nakamura, G. Saito, Cryst Eng Comm., 5 (2003) 54. 
[13] J.J.R. Faustoda Silva, R.J.P. Williams, The Biological Chemistry of The Elements, The 
Inorganic Chemistry of the Life, Clarendon Press, Oxford, 1994. 
[14] R.H. Holm, P. Kennepohl, E.I. Solomon, Chem. Rev., 96 (1996) 2239. 
[15]. I. T6rok, P. Surdy, A. Rockenbauer, L. Korecz, G.J.A.A. Koolhaas, T. Gajda, J. Inorg. 
Biochem.,71(1998)7. 
[16] Z.A. Siddiqi, S. Kumar, M. Khalid, M. Shahid, Spectrochim. Acta Part A, 71 (2009) 
1845. 
[17] S. Faulkner, S.J.A. Pope, B.P. Burton-Pye, Appl. Spectrosc. Rev.. 40 (2005) 1. 
[18] G.J,-C. BUnzli, C. Piguet, Chem. Rev., 102 (2002) 1897. 
[19] H. Tsuskube, S. Shimoda, Chem. Rev., 102 (2002) 2389. 
[20] R. Reisfield, C.K. Jorgensen, Laser and Excited States of Rare-Earths, Springer, Berlin, 1977. 
[21] A. Bellusci, G. Barbario, A. Crispini, M. Ghedini, M. La Deda, D. Pucci, Inorg. Chem., 
44 (2005) 1818, and references therein. 
[22] C. Piguet, J.-C.G. Bunzil, G. Bernardinelli, C.G. Bochet, P. Froidevaux, J. Chem. Soc., 
Dalton Trans., (1995) 83. 
140 
[23] W.L.F. Armarego, D.D. Perkin, Purification of Laboratory Chemicals, 4th ed., 
Butterworth-Heinemann, 1997. 
[24] F. Cavanagh, Analytical Microbiology, Academic Press, New York, 1963. 
[25] D. Hinks, J. Lye, H.S. Freeman, Computer Aided Dyestuff Design Book of Paper -
AATCC, International Conference and Exhibition, Atlanta, Georgia, 1995, 74 pp. 
[26] C.K. Jorgensen, Prog. Inorg. Chem., 4 (1962) 73. 
[27] S.P. Tandon, P.C. Mehta, J. Chem. Phys., 52 (1970) 4896. 
[28] D.E. Henrie, G.R. Choppin, J. Chem. Phys., 49 (1968) 477. 
[29] S.P. Sinha, Spectrochim. Acta, 22 (1966) 57. 
[30] J. Hooschen, Physica, 11 (1946) 513. 
[31] B.R. Judd, Phys. Rev., 127 (1962) 750. 
[32] W.J. Geary, Coord. Rev., 7 (1971) 81. 
[33] Z.A. Siddiqi, M.M. Khan, M. Khalid, S. Kumar, Trans. Met. Chem., 32 (2007) 927. 
[34] J. Reedijik, J.K. Deridder, Inorg. Nucl. Chem. Lett., 12 (1976) 585. 
[35] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, 
Wiley-Interscience, New York, 1986. 
[36] Z.A. Siddiqi, R. Arif, S. Kumar, M. Khalid, J. Coord. Chem., 61 (2008) 2032. 
[37] L.K. Thompson, B.S. Ramaswamy, E.A. Seymour, Can. J. Chem., 55 (1977) 78. 
[38] R.E. Sievers, Nuclear Magnetic Resonance Shift Reagents, Academic Press, New York, 
1973. 
[39] A.A.A. Emara, F.S.M. Abd EI-Hameed, S.M.E. Khalil, Phosphor. Sulpher Silicon, 114 
(1996) 1. 
[40] K. Motrado, H. Sakiyama, N. Matsumoto, H. Okawa, D. Fenton, J. Chem, Soc, Dalton 
Trans., (1995) 3419. 
[41] W.T. Camell, P.R. Fields, K. Rajnak, J. Chem. Phys., 49 (1968) 4412. 
[42] D.E. Henrie, R.L. Fellows, G.R. Choppin, Coord. Chem. Rev., 18 (1976) 199. 
[43] W. Pricke, Z. Phys., B33 (1979) 261. 
[44] B.R. Judd, J. Chem. Phys,. 44 (1966) 839. 
[45] B.N. Figgis, J. Lewis, F.E. Sekido, Bull. Chem. Soc. Jpn., 63 (1990) 2516 and 
references cited therein. 
[46] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th ed., Wiley New York, 
1988. 
[47] S.S. Kukalenko, B.A. Borykin, S.I. Sheshtakova, A.M. Omelchenko, Russ. Chem. Rev., 
.54(1985)676. 
141 
European Journal of Medicinal Chemistry 44 (2009) 2517 -2522 
• V y v 
Contents lists available at ScienceDlrect 
European Journal of Medicinal Chemistry 
journal homepage: http://www.elsevier.com/locate/ejmech 
Original article 
Antimicrobial and SOD activities of novel transition metal ternary complexes of 
iminodiacetic acid containing a-diimine as auxiliary ligand 
Zafar A. Siddiqi*. M. Shahid. Mohd. Khalid. S. Kumar 
Division oflnorggmc Chemistry, Deportment of Chemistry, Aligarh Muslim University, Aligarh 202002, Uttar Pradesh, India 
A R T I C L E I N F O 
Article history: 
Received 25 August 2008 
Accepted 22 January 2009 
AMiiUbk online 31 January 2009 
Keywords: 
Mixed-ligand ternary complexes 
Antimicrobial activity 
Superoxide dismutase activity 
Crystal structure 
Supramolecular framework 
A B S T R A C T 
Ternary complexes containing an a-diimine auxiliary ligand have been w/idely used as models for several 
mono and polynuclear metal enzymes. The present ternary complexes |M{IDA)(Phen)H20] •XH2O (x = 2,3 
or 4) were prepared as novel antimicrobial agents employing reactions of Cu(0Ac)2 or MClj (M = Co. Ni, 
Cr) with iminodiacetic acid (H2[DA) in the presence of 1.10-phenanthroline CPhen). whose chemical 
structure and bonding were elucidated by IR. F/VB-Mass, 'H, " C NMR, EPR spectral and elemental 
analyses. The antimicrobial activities against £sc/ieric/iia cofi (K-12), Bacillus subtilis (MTCC 121), Staph-
ylococcus aureus (IOA-SA-22), Salmonella typhimurium (MTCC 98), Candida albicans, Aspergillus fumigatus 
and Penicillium mameffei (isolates from Department of Miaobiology, Faculty of Agricultural Science, 
AMU) were investigated and significant activities were obtained. The suf)eroxide dismutase activity of 
the Cu(ll) complex was assessed by NBT assay. The single crystal X-ray structure for (Cu(lDA) 
(Phen)H201-21120 indicates a triclinic unit cell in P-1 space group with structural parameters, 
a = 6.745(5), b= 10.551(5), c= 11.414(5) A, a = 95.770(5), ^ - 91.396(5), Y = 92.518(5)° and presence of an 
extensive H-bonding and w-n stacking interactions which generate a supramolecular framework. 
© 2009 Elsevier Masson SAS. All rights reserved. 
1. Introduction 
The treatment of infectious diseases still remains an important 
and challenging problem because of a combination of factors 
including emerging infectious diseases and the increasing number 
of multi-drug resistant microbial pathogens. In spite of a large 
number of antibiotics and chemotherapeutics available for medical 
use, at the same time the emergence of old and new antibiotic 
resistance created in the last decades revealed a substantial medical 
need for new classes of antimicrobial agents. There is a real 
perceived need for the discovery of new compounds endowed with 
antimicrobial activity, possibly acting through mechanism of 
action, which is distinct from those of well-known classes of anti-
microbial agents to which many clinically relevant pathogens are 
now resistant. 
The coordination chemistry of iminodiacetic add (H2tDA) has 
been a subject of continuous investigations due to its tridentate 
chelating behaviour towards metal ions resulting in complexes 
which show structural diversities [1,2]. In aqueous biological pH 
range (pH = 6-7), the carboxyiic acid protons of H2rDA dissociate to 
give iminodiacetato (1DA ~^) dianion which is quite reactive to 
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transition metal ions forming metal iminodiacetate complexes [3]. 
Reactions of metal iminodiacetates with an a-diimine viz. 1,10-
phenanthroline (Phen) or 2,2'-bipyridine (bipy) produce mixed-
ligand complexes, some of which have been successftrfly exploited 
as model compounds to explain binding modes and structural 
features in several metalloenzymes [4|. Several mixed-ligand 
complexes have been found to exhibit superoxide dismutase 
activity [5,6], which is related to the flexibility of the geometric 
transformation around the metal centres [7], Moreover, some of 
these complexes play a decisive role not only in activation of 
enzymes but also in the storage and transport of active substances 
through biological membranes [8]. Transition metal ternary 
complexes have received particular focus and have been employed 
in mapping protein surfaces [9], as probes for biological redox 
centres |10] and in protein capture for purifications [11]. 
The study of the structure of model ternary complexes provides 
informations about how biological systems achieve their specificity 
and stability, as well as strategies to improve these features for 
biotechnological applications. Ternary complexes of oxygen donor 
ligands and heteroaromatic N-bases have been of special interest as 
they can display exceptionally high stability [12]. X-ray structural 
data of the ternary complexes with iminodiacetato (IDA^~) or its 
substituted analogues as primary ligand and N-donors as 
secondary ligand have revealed the influence of the secondary 
(auxiliary) ligand on the conformations of the primary 
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Strnred 
Clear Orange solubon 
Cu(OAc)2-H20 
[Cu(IDA)(Phen)(H20)]-2H20 (1) 
Scheme 1. Synthetic procedure of complex (1). 
iminodiacetato ligands. Studies of such complexes have also 
explained the obseived changes in the protein conformations at the 
metal-protein centres in the absence as well as in the presence of 
appropriate substrates [ 13 ]. Tile structure of the ternary complexes 
bearing the composition M/IDA/N-heterocycIe in the mole ratio 1 / 
1/2 displays a hexa coordinate elongated octahedral ( 4 f 1 +1) 
geometry where IDA is in a fac-tridentate conformation [14]. 
Complexes having the composition M/lDA/N-heterocycle in 1/1/1 
mole ratio, invariably adopt a five coordinate square pyramidal 
(4 4 1) coordination geometr/. albeight the possibility of the rarely 
observed mer-tridentate [15) chelation giving an elongated six 
coordinate octahedral (4 f 1 +1 or 4 + 2) coordination geometry, as 
observed in the present case, may not be ruled ouL 
Prompted by the biological activities of the transition metal 
ternary complexes, it was contemplated to design syntheses of 
mixed-ligand metal iminodiacetate complexes, M/IDA/Phen (1/1/1 
mole ratio) and to pursue in vitro antimicrobial and SOD activities. 
It was considered worthwhile to investigate if there exists a corre-
lation between the rare mer-tridentate conformation of the IDA^  
with the overall biological activities of the complexes. 
2. Chemistry 
Metal salts (Merck), 1,10-phenanthroline (Merck) and iminodi-
acetic acid (Aldrich) were usied for the synthesis. Ultrapure Milli Q, 
water (18.3 IX) was used for all experiments. The commercial 
solvents were distilled and then used for the preparation of 
complexes. Ternary complies lCu(IDA)(Phen)(H20)l-2H20 (1), 
[Co(lDA)(PhenXH20)]-4H20 (2), (Ni{lDAXPhen)(H20))-3H20 (3) 
and [Cr(lDA)(Phen)(H20)l-4H20 (4) were synthesized by the stoi-
chiometric reaction of copper(ll) acetate [15] or MCI2 (M-Co, Ni 
and Cr) with iminodiacetic acid (H2IDA) in the presence of 1,10-
phenanthroline (Phen) in water at room temperature. The reaction 
sequences are outlined in Schemes 1 and 2. The recrystallization of 
the copper complex in ethanol produced cubic crystals suitable for 
X-ray crystallography. 
2.1. CrystallogmpMc data collection and structure analysis 
A light blue cubic crystal of copper complex was mounted on 
a glass fibre and all measurements were performed on BRUKER 
SMART APEX CCD diffractometer with graphite monochromator 
using Mo Ka (A-0.71069 A) radiation. Cell constants and an 
orientation matrix for data collection were obtained from a least-
square refinement [16] using the setting angles of 21 carefully 
centered reflections in the range of 2.51 < 2^ < 25.99°. Hydrogen 
atoms were refined isotropically. A summary of data collection and 
structure refinement is given in Table 1. 
3. Results and discussion 
3.1. Spectra 
Jn the present work, a series of four new complexes were 
synthesized. Schemes 1 and 2 illustrate the way used for the 
preparation of target compounds. The structure of the compounds 
was elucidated by IR, 'H , '^C NMR, mass spectral data and elemental 
analyses. In the IR spectra of the compounds )'(C=N) and J'(C=C) 
str. vib. bands were observed in the 1580-1427 cm~^ region. The 
presence of a band of medium intensity appearing at ~ 420 cm" Ms 
consistent with the formation of M-N bond(s) in the molecule. A 
well separated strong intensity absorption band near 1625 cm ^ 
and 1303 cm ' is assignable to »'asym(COO) str. and Csyni(COO) str. 
vib.. respectively. The separation of the yas™ and Vsym (COO) str. vib. 
l^" = ''asym(COO) - Vsyin(COO) ~-300 cm~'] is Very large indicating 
a strong bidentate chelation from the anionic C00~ group of IDA "^ 
moiety to the metal ion in all the complexes. The observed negative 
shift in c(C-N) str. vib. (~ 100 cm^) relative to that observed in free 
uncoordinated H2IDA moiety further corroborates the additional 
coordination from the iminic nitrogen of the iminodiacetate 
moiety. The presence of coordinated water molecule as well as the 
lattice water was also indicated as a broad band in the 3500-
3200 cm*' region. The ' H NMR spectra of the complexes recorded 
in D2O showed a singlet at 3.40-3.52 ppm attributable to -CH2-
protons. Iminic -NH- proton in the complexes resonates as 
a singlet at about 10.22-11.10 ppm. The aromatic protons charac-
teristic of phenanthroline appeared as multiplets in 7.4-8.8 ppm. In 
'^ C NMR spectra, the resonance signals due to carbons of the >C=0 
and -CH2- groups appeared near 176 ppm and 43 ppm. respec-
tively. The resonance peaks characteristic of aromatic ring carbons 
appear in the 120-139 ppm region. However, a sharp signal 
observed at 150 ppm is assignable to the a-diimine (Phen) carbon 
bonded to hetrocyclic nitrogen. The X-band EPR spectra of the 
complex (1) recorded at room temperature as well as liquid 
0 
A.. ^^^ JK * ^'^h 
HO ^ ^ ^ ^ OH 
Iminodiacetic acid (H2IDA) 
(i)Et3N/H20/s!Jmng 
•I 
(a) 1,10-Phenenthro!ine / EtOH 
[M(lDA)(nien)(H20)]-xH20 
M = Co (x = <!)(:), Ni(x= 3)(3) or 
Cr(x = 4)(4) 
Scheme 2. Synthetic procedure of complexes (2-4'!. 
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Table 1 
CrysUl data and refinement parameters. 
CCDC deposit No. 
Empirical formula 
Formula weight 
Crystal system 
Colour/Shape 
Space group 
V(A)5 
Crystal size (mm) 
Z 
T(K) 
A (Mo Ka) (A) 
« Range (°) 
Limiting indices 
Structure solution 
Total reflections 
Reflections gt 
No. of refined 
681969 
CsHieCuNsO? 
425.87 
Tridinic 
Light blue/mbic 
P-1 
Unit cell dimensions o (A) - 6.74S<5); b (A) - 10.551(5): c (A) - 11.414(5); a (") -
95.770(5): ^ (") - 91396(5): y (°) - 92518(5) 
807.1(8) 
0.20 X 0.15 >: 0.10 
2 
293(2) 
0.71069 
2.51-25.99 
- 8 < h < 8 ; ~12<*<12; -14<;<14 
Direct method (SHELXL97) 
3080 
2775 
260 
parameters 
Goodness of fit on P' 1.09 
Final R indices R, = 0.0494, wRj = 0.1330 
ll>2<r(f)l 
R indices (all data) R, .=0.0542. wRj = 0.1382 
Important bond lengths are: Cu-03 = 1.980(3), Cu-N2 ^ 2.010(3). Cu-Nl - 2.029(3), 
CU-N3 = 2.043(3). Cu-01 ^ 2.313(3), Cu-05 = 2.362(3). 
nitrogen temperature were identical exhibiting an anisotropic 
behaviour with gf - 2.32 and g± = 2.13. The observed anisotropy in 
the spectroscopic Lande parameter (gi >g±>2.0) indicates an 
axial distortion around Cu{ll) (d )^ system which arises due to 
a strong Jahn-Teller distoirtion. FAB-Mass spectra of the complexes 
showed M +1 peaks, in agreement with their molecular formulae. 
32. Single crystal X-ray diffraction studies 
The crystal data with structure refinements are given in Table 1. 
The molecular structure and packing diagrams are shown in Figs. 1 
and 2, respectively. The sli\icture consists of a discrete monomeric 
unit in which Cu(ll) ion acquires an un-symmetrically elongated 
hexagonal coordination geometry. The iminodiacetate (IDA) acts as 
a tridentate chelating ligand with one carboxylato-0(03) and 
imino-N(N3) centres as part of the equatorial coordination basal 
plane whose other donor centres are the two N-atoms (Nl and N2) 
of the coordinated heterocyde (Phen). However, the second car-
boxylato-0(01) of IDA and the coordinated H20-0(05) form the 
Fig 2. Pacidng diagram of the complex (1). 
axial bonds. The axial Cu-01 and Cu-05 bond lengths are much 
longer than the Cu-03 and Cu-N bonds of the basal plane due to 
Jahn-Teller distortion forming a 4 +1+1 type coordination geom-
etry with longitudinal tetragonal distortions (axial elongation). The 
average deviation between the apical and basal Cu-0 bond distance 
is ~0.357 A and the extent of tetragonality (T) defined [15] as the 
ratio of the mean in-plane bond distance to the mean of larger 
distance is ~0.87. The magnitude of T for the complex is rather 
small compared to the reported [17) values (7=0.91-0.96) for 
a gross axially distorted octahedral structure in the presence of 
Jahn-Teller distortion. Each discrete unit is joined together through 
a wide spread H-bonds and TT-TT interactions to constitute 
a supramolecular network [Fig. 3(a) and (b)]. It is apparent from 
Fig. 3(a) that the water molecules act as bridges through H-bonds 
between each monomeric unit to generate a stable polymeric 
structure. The observed H-bond distance [d(0 H-0) -1.975 A] is 
shorter compared to the reported [15] value [cf. d(0 H-
0) = 2.728 A). The observed centroid(7r)-centroid(7r) distance, i.e., 
d(7r-T:) = 3.678 A, for the copper complex indicates an effective 
participation of the side-on ring-ring TC-TC interactions between the 
phenanthroline rings of the neighbouring layers [Fig. 3(b)] in the 
stacking or molecular recognition process [14]. 
Hg 1. ORTEP view of the coppier complex with 50% probability of thermal ellipsoids. 
(Hydrogen atoms and lattice water molecules have been omitted for clarity). 
4. Pharmacology 
All compounds were evaluated for their antimicrobial proper-
ties. MICs were recorded as minimum concentration of the 
compound, which inhibits the growth of tested microorganism. 
Complexes (1) and (2) showed good activities while (3) and (4) 
were found to be less active or inactive against some of the bacterial 
and fungal stains (Tables 2 and 4). The copper complex (1) also 
exhibited superoxide dismutase (SOD) activity. 
4.J. Antibacterial studies 
The newly prepared compounds were screened for their anti-
bacterial activity against Escherichia coh (K-12), Bacillus subtilis 
(MTCC-121), Staphylococcus aureus (IOA-SA-22) and Salmonella 
typhimurium (MTCC-98) bacterial stains by disc diffusion method 
[18,19]. The discs measuring 5 mm in diameter were prepared from 
Whatman no. 1 filter paper sterilized by dry heat at 140 "C for 1 h. 
The sterile discs previously soaked in a concentration of the test 
2520 
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Fig 3. (a) A supramolecular network of the complex (1) constructed from H-bonding. (b) Two layers of the complex (1) showing TT-TI interactions between phenanthroline rings 
|d(7t-it) = 3.673 A] and forming ;i supramolecular framework. 
compounds were placed in a nutrient agar medium. The plates were 
inverted and kept in an incubator at 30 ± 1 °C. The inhibition zone 
thus formed was measured (in mm) after 24 h (Table 2). The 
screening was performed at two different concentrations, i.e.. 1 ng/ml 
and 100 ng/ml and ciprofloxacin was used as the standard. 
Minimum inhibitory concentrations (MICs) were determined by 
broth dilution technique. The nutrient broth, which contained 
logarithmic serially twofold diluted amount of test compounds and 
controls was inoculated within approximately 5 x 10^  c.f.u. of 
actively dividing bacteria cells. The cultures were incubated for 24 h 
at 37 °C and the growth was monitored visually and spectropho-
tometrically. The lowest concentration (highest dilution) required 
to arrest the growth of bacteria was regarded as minimum inhibi-
tory concentration (MtC). To obtain the minimum bacterial 
concentration (MBC), 0.1 ml volume was taken from each tube and 
spread on agar plates. The number of c.f.u. was counted after 18-
24 h of incubation at 35 °C. MBC was defined as the lowest drug 
concentration at which 99.9% of the inoculum was kilted. The 
Table 2 
Zone of inhibition (mmj of the complexes. 
Complex Escherichia colt Bacilhis subtitis Staptr^lococcus aureus 
Salmonella 
(yphtmurium 
Cone, {(ig/ml) 
(1) 
(2) 
(3) 
(4) 
1 
33 
18 
12 
0 
100 
10 
13 
7 
0 
1 
30 
17 
13 
19 
100 
19 
14 
11 
15 
1 
35 
9 
0 
14 
100 
17 
7 
0 
5 
1 
29 
16 
0 
0 
100 
13 
14 
0 
0 
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Tables 
MIC and MBC results of the complexes. 
Complex 
(1) 
(2) 
(3) 
(4) 
Standard 
Escherichia cofi 
MIC 
6.25 
12.5 
625 
0 
6.25 
MBC 
12.5 
6.25 
12.5 
0 
12..5 
Bacillus subtiHs 
MIC 
6.25 
\23 
6.25 
0 
6.25 
MBC 
6.25 
6.25 
6.25 
0 
12.5 
Staphylococcus 
aureus 
MIC 
25 
6.25 
0 
12.5 
6.25 
MBC 
12.5 
6 J 5 
0 
6:25 
1Z5 
Salmonella 
typhimurium 
MIC MBC 
12.5 
6.25 
0 
625 
12.5 
25 
12.5 
0 
6.25 
12.5 
Table 5 
MIC and MFC results of the complexes. 
Complex 
(1) 
(2) 
(3) 
(4) 
Standard 
Candida albicani 
MIC 
625 
6.25 
625 
6.25 
6.25 
MFC 
6.25 
12.5 
6.25 
6.25 
12.5 
Aspergillus 
fumingatus 
MIC 
6.25 
625 
0 
625 
625 
MFC 
12.5 
625 
0 
12.5 
12.5 
ftnicillium 
mameffei 
MIC 
6.25 
625 
625 
0 
625 
MFC 
12.5 
625 
12.5 
0 
12.5 
Ciprofloxacin is used is the standard. MIC (ng/ml) ^ minimum inhibitory concen-
tration, i.e., the lowest concentration to completely inhibit bacterial growth; MBC 
(Hg/ml) - mmimum bartericidal concentration, i.e., the lowest concentration to 
completely kill bacteria. 
Greseofulvin is used as the standard. MIC (jig/ml) = minimum inhibitory concen-
tration. i.e., the lowest concentration to completely inhibit fungal growth; MFC (ng/ 
ml) = minimum fungicidal concentration, i.e., the lowest concentration to 
completely kill fungus. 
minimum inhibitory concentration and minimum bacterial 
concentration are given in Table 3. The investigation of antibacterial 
screening data revealed that all the tested compounds showed 
moderate to good bacterial inhibition. 
Copper complex showed good inhibition against all bacteria at 
1 |ig/ml concentration. Cobalt complex showed slightly less activity 
than that of copper complex. Nickel complex was found to be 
inactive against S. aureus and S. typhimurium while chromium 
complex showed no activity towards B. subtilis and S. typhimurium. 
42. Antifungal studies 
The newly prepared complexes were screened for their anti-
fungal activity against Candida albicans, Aspergillus fumigatus and 
Penicillium mamejfei by agar diffusion method [20,21 ]. Sabouraud's 
agar media was prepared by dissolving peptone (1 g), o-glucose 
(4 g) and agar (2 g) in distilled water (100 ml) and adjusting pH to 
5.7. Normal saline water was used to make suspension spore of 
fungal stain lawning. A loopful of particular fungal stain was 
transferred to 3 ml saline to get suspension of corresponding 
species. Twenty milliliters of agar media was poured into each petri 
dish. Excess of suspension was decanted and plates were dried by 
placing in an incubator at 37 "C for 1 h. Using an agar punch, wells 
were made and each well was labeled. A control was also prepared 
in triplicate and maintained at 37 °C for 3-4 days. The fungal 
activity of each compound was compared with GreseofulA/in as 
standard drug. Inhibition zones were measured and compared with 
controls. The fungal zones of inhibition are given in Table 4. The 
cultures were incubated for 48 h at 35 "C and the growth was 
monitored. The lowest concentration {highest dilution) required to 
arrest the growth of fungus was regarded as minimum inhibitory 
concentration (MIC). To obtain minimum fungicidal concentration 
(MFC), 0.1 ml volume was taken from each tube and spread on agar 
plates. The number of c.f.u. was counted as the lowest drug 
concentration at which 99% of the inoculum was killed. The 
minimum inhibitory concentration and minimum fungicidal 
concentration are given in Table 5. The antifungal screening data 
showed that only copper and cobalt complexes exhibited good 
activity. Nickel and chromium complexes are inactive towards 
Aspergi/Jus jiimingattjs and P. mameffei respectively. 
Table 4 
Zones of inhibition (mm) of the complexes. 
Complex 
(1) 
(2) 
(3) 
(4) 
Candida 
albicans 
28 
18 
13 
15 
Aspergillus 
Jiimingatus 
29 
14 
0 
11 
Penicillium 
rnameffei 
19 
16 
9 
0 
4.3. Superoxide dismutase activity 
Out of the synthesized complexes, only copper complex (1) was 
found to be active towards superoxide dismutase. The SOD activity 
of the complex was investigated by NBT assay. Several complexes 
containing transition metal [22] are known to give good SOD 
activity, although, their structures are totally unrelated with native 
enzyme [23|. Herein we report the SOD activity measured at pH 7.8. 
The chromophore concentration required yield 50% inhibition of 
the reduction of NBT (ICso) value of the present complex (i.e., 
62 nmol/dm^) which is higher than the value exhibited by the 
native enzyme (ICM = 0.04 nmol/dm^). This higher value may be 
correlated to the presence of a mer-conformation of the primary 
(IDA^~) ligand as well as the greater ligand field crowding by the a-
diimine ligand (phen) over the central metal ion. A greater inter-
action between superoxide ion and Cu(Il) in mixed-ligand complex 
is due to strong axial bond [24], which results in an increased 
catalytic activity. 
5. Conclusion 
Mixed-ligand ternary transition metal (i.e., Cu, Co, Ni and Cr) 
complexes bearing iminodiacetic add ligand and 1,10-phenan-
throline co-ligand, were synthesized and characterized from 
spectral methods. The complexes usually adopt a distorted octa-
hedral geometry around the metal ion. Single crystal X-ray and EPR 
studies of [Cu(lDA)(Phen)H20]-2H20 confirm an elongated hexa 
coordinate (4 -t-1 +1) geometry with mer-tridentate conformation 
of the primary iminodiacetate (IDA^) ligand. Among the synthe-
sized ternary complexes, copper and cobalt complexes showed 
remarkable antibacterial and antifungal activities while nickel and 
chromium complexes showed these activities up to less extent. The 
copper complex was found to show superoxide dismutase (SOD) 
activity. 
6. Experimental protocols 
6.1. Chemistry 
Melting points were determined by open capillary method and 
are uncorrected. The IR spectra (in KBr pellets) were recorded on 
a Shimadzu FT-IR 157 spectrophotometer, ' H and '^ C NMR spectra 
were recorded on a Varian Mercury Plus 300 spectrometer using 
TMS as an internal standard. The X-band EPR spectra were taken at 
room temjjerature as well as liquid nitrogen temperature on 
a Varian E-112 spectrometer operating at 9.1 GHz. The crystal 
structure was performed on BRUKER SMART APEX CCD diffrac-
tometer with graphite monochromator using Mo Ka 
(A = 0.71069 A) radiation and solved by direct method using the 
program SHELXL97 [16]. The mass spectra were recorded on an 
2522 
FAB-mass spectrometer operating at 70 eV. The P^fty °f the 
complexes was checked by thin layer chromatography TLC) on 
silica gel plate using a mixture of petroleum ether and ethyl acetate. 
6.2. Genera/ procedure/or the synthesis of the complexes 
62 I. Synthesis of the complex lCu(lDA)(Phen)(H20)I-2H20 (1) 
Equimolecular mixture of iminodiacetic acid (5 mmol) and 1,1U-
phenanthroline (5 mmol) in H2O (15 ml) was stirred for 1 h at room 
temperature producing an orange coloured homogeneous clear 
solution To this solution was added aqueous solution of 
Cu(OAc)2H20 (5 mmol) affording an immediate blue coloured 
solid (1). which was then recrystallized in ethanol giving light blue 
cubic crystals in a good yield. 
62J. Synthesis of the complex lCo(IDAXPhen)(H20)j-4H20 (2) 
The reaction of iminodiacetic acid (5 mmol) with CoCl2-6H20 
(5 mmol) was carried out in H2O (15 ml) in the presence of trie-
thylamine (EtsN) with overnight stirring producing a pink coloured 
solid. The aqueous solution of this intermediate product was 
further reacted with 1,10-phenanthroline (5 mmol) in ethanol 
(5 ml), which resulted in the formation of an immediate orange 
coloured solid (2). 
6.2.3. Synthesis of the complex lNi(IDA)(Phen)(H20)]-3H20 (3) 
Iminodiacetic acid (5 mmol) was reacted with NiCl2-6H20 
(5 mmol) in H2O (15 ml) in the presence of triethylamine. The 
solution mixture was then refluxed for 4 h resulting in a light green 
clear solution. To this solution, 1,10-phenanthroline (5 mmol) was 
added in batches producing a green coloured solid (3) after 1/2 h 
stirring. 
62.4. Synthesis of the complex lCr(IDAXPhen)(H20)j-4H20 (4) 
Iminodiacetic acid (5 mmol) in H2O (15 ml) was reacted vdth 
CrCb (5 mmol) in the presence of triethylamine in an inert atmo-
sphere. The solution was stirred overnight and then refluxed for 2 h 
to give a reddish brown solution. To this solution, 1,10-phenan-
throline (5 mmol) in ethanol was added giving a green coloured 
solid (4) after 1 /2 h stirring. 
Complex (1): yield 70%, m.p. 210 °C. IR (KBr, v c m ' ) : 1625 
(COO), 422 (Cu-N), 1580-1430 (C=C and C=N), 3431 (H2O). ' H 
NMR {d ppm, D:.0) (300 MHz): 3.49 (2H. s, CH2), 10.22 (1H, s, iminic 
NH), 7.6-8.8 (8H. m, aromatic protons), 2.1 (2H, s, coordinated H2O). 
"C NMR (d ppm. D2O) (75 MHz): 37,176,121,136.139,129.127. MS 
(FAB) miz: 426 |M +11. Anal calc. for CieHisCuNjO?: C 45.13. H 3.79, 
N 9.8, Found: C 45.08, H 3.37, N 9.4. 
Complex (2): yield 65%, m.p. 215°C, IR (KBr, i; cm"'): 1628 
(COO), 419 (Co-N), 1578-1435 (C=C and C=N), 3425 (H2O). ' H 
NMR (5 ppm, D2O) (300 MHz): 3.48 {2H. s. CH2). 10.49 (1H, s, iminic 
NH). 7.4-8.6 (8H, m, aromatic protons), 2.0 (2H. s. coordinated 
H2O). '^ C NMR {d ppm. D2O) (75 MHz): 35.174.122.136.137.129. 
127. MS (FAB) m/r 461 [M + 1). Anal calc. for C16H23C0N3O9: C 
41.75. H 5.04. N 9.13. Found: C 41.65. H 5.1. N 9.18. 
Complex (3): yield 62%. m.p. 218 "C, IR (KBr. u cm ' ) : 1620 
(COO). 421 (Ni-N). 1575-1430 (C=C and C=N). 3430 (H2O). ' H 
NMR (d ppm. D2O) (300 MHz): 3.51 (2H. s. CH2). 11.10 (1H, s. iminic 
NH), 7.5-8.7 (8H. m, aromatic protons), 2.3 (2H, s. coordinated 
H2O). "C NMR {d ppm. D2O) (75 MHz): 36.177,120.134.138.128. 
126. MS (FAB) mIz: 443 IM+ 1]. Anal calc. for C,6H2iNiN308: C 
43.57, H 4.79, N 9.51, Found: C 43.1. H 4.35. N 9.24. 
Complex (4): yield 69%, m.p. 205 °C, IR (KBr, v cm"'): 1622 
(COO). 418 (Cr-N), 1577-1427 (C=C and C=N). 3428 (H2O). ' H NMR 
Z>\. Siddiqi PI Ql. / European journal ofMedianal Chemistry 44 (2009) 25)7-2522 
(6 ppm. D2O) (300 MHZ): 3.52 (2H. s. CH2). 10.37 (IH. s iminic NH). 
7 6-8 6 (8H. m, aromatic protons). 2.1 (2H. s. coordinated H2O). C 
NMR(5 ppm, D2O) (75 MHZ): 34.175.123.133 J 3 7 j f - j j f ^ ^ l 
(FAB) mjz: 450 [M +1]. Anal calc. for CeHigCrNsOg: C 42.77, H 4.2b, 
N 9.35, Found: C 42.73, H 4.38, N 9.24. 
6.3. Miaobial analyses 
Antibacterial screening was performed by disc diffusion method 
and ciprofloxacin was used as the standard. Antifungal screening 
was done by agar diffusion method and Creseofulvin was used as 
standard. The stains used were £. coli (K-12), B. subtilis (MTCC-121). 
S. aureus (lOA-SA-22). S. typhimurium (MTCC-98). C albicans, A. 
fumigatus and P. mameffei. The SOD activity of the complex was 
investigated by NBTas.say at pH 7.8. 
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Two novel dinuclear organotin(IV) complexes (n-Bu2Sn(imdaXH20))2Bipy (1) and [n-Bu2Sn(imda) 
(H20)|2 Phen (2) [H^imda'iminodiacetic acid. Bipy = 2,2'-bipyridine and Phen= 1,10-phenanthrolinel 
were synthesised and characterized employing IR, 'H, '^C. '"Sn NMR, and ' " S n Mossbauerspectroscopic 
and elemental analyses. Single crystal X-ray crystallography of 1 has confirmed that it is a binuclear 
Sn(lV) species formed via carboxylate bridges where each metal adopted a seven coordinate distorted 
pentagonal bipyramidal geometry. The iminodiacetate dianion (imda^ ) acts as a potential tridentate 
[N.0,0) carboxylate bridging ligand. The packing revealed that the additional a-diimine (Bipy or Phen) 
does not coordinate to metal ion. However, its presence in the crystal lattice as spacer helps for the for-
mation of a supramolecular framework by bringing the two binuclear species close enough through 
extensive H-bonding. The in vitro cytotoxicity of compounds 1 and 2 indicate better results than cisplatin 
against three tumor cell lines investigated. 
© 2009 Elsevier B.V. All rights reserved. 
1. Introduction 
The importance of metal-based drugs in treatment of various 
diseases was pioneered from the successful results by cisplatin 
11 ]. Since then a number of other metal complexes have been 
investigated and organotin complexes received special interest 
[2]. Polynuclear organotin(IV) complexes [31 were found to give 
satisfactory results among the various Sn([V} compounds screened 
for such investigations. Metal-directed self-assembly of metal or-
ganic frameworks (MOFs) or organometallic derivatives having 
various intriguing topologies have also been extensively studied 
14.5]. An important objective in this regard is the synthesis of 
new highly water soluble polymetailic complexes which may be 
useful for testing the distinctive biological reactivity patterns. In 
recent years, diorganotin (IV) carboxylates have attracted the 
attention because of their biochemical and commercial applica-
tions |6]. In general, the biochemical activity of organotin com-
pounds is influenced by the structure of the resulting complex 
molecules, henceforth, the coordination number around the tin 
metal (7-9]. This recognition of relations between the structure 
and the biological prop«;rties [lOi becomes more pronounced for 
those organotin(IV) compounds which contain functionalized car-
boxylate moieties. Crystallographic data have also revealed that 
such complexes adopt structures which are dependent on both 
Corresponding author. Tel.: *91 9411803461. 
E-mail address: 2afarasiddio.j@7ahoo.coJD (ZA Siddiqi). 
the nature of the alkyl (or aryl) substituents bound to the tin atom 
and the type of carboxylate derived ligands [11,12]. Moreover, the 
complexes containing two butyl groups at the tin(lV) center pos-
sessed the highest biological activity [3]. The effort to correlate 
the biological activities of the metal complexes with the coordinat-
ing behavior of the ligand moieties specially those containing func-
tionalized dicarboxylate analogous with [N.O.O] biting centers is 
scarce. Mononuclear as well as dinuclear organotin(fV) derivatives 
containing pyridine-2,6-dicarboxylate complexes [13-15], some of 
which exhibit in vitro antitumor activities, are knovm. However, 
the polynuclear diorganotin(IV) complexes with hepta coordinated 
(Sn) metal of an analogous functionalized dicarboxylate moeity 
such as iminodiacetate dianion (imda''"), have not been tested 
for biocidal as well as antitumor activities in vitro. Iminodiacetic 
acid is a potential tridentate [N,0,01 chelating agent [16] forming 
transition metal complexes whose X-ray crystallographic studies 
indicate the presence of metal-organic framework through H-
bonding and Ji-Jt interactions. These complexes exhibit antimiCTO-
bial and superoxide dismutase (SOD) activities. This contemplated 
us to carry out the synthesis of a few diorganotin{IV) complexes 
incorporating iminodiacetate (imda^") dianion with a view to 
investigate if these complexes may be exploited as candidates for 
antitumor activities. Here-in, we report the complexes |n-Bu2 
Sn(imdaXH20)l28ipy (1) and |n-Bu2Sn(imdaXH20)|2Phen (2) 
characterized by IR, 'H. '^ C, "^Sn NMR and '^*Sn Mossbauer spec-
tral data. The single crystal X-ray crystallographic data are also 
presented for the compound (1). 
0022-328X/$ - see front matter (D 2009 Elsevier B.V. All rights reserved, 
doi: 10.1016/j,iorwnchcm.2009,07.030 
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2. Eiqieriinental 
2. /. Materials and measurements 
Iminodiacetic acid (Merck), di-n-butyltin diacetate (Aldrich) 
and 2,2'-bipyridine or 1,10-phenanthroline (Merck) were used as 
received. The solvents used in the reactions were of AR grade 
and dried using standard literature procedures. IR sjiectra were re-
corded on a Perkin-Hnier spectrum GX automatic recording spec-
trophotometer as KSr disc. 'H and "C NMR spectra of the 
complexes were recorded on a Brucker DPX-400 spectrometer 
operating at 400 and 100.6 MHz, respectively, and with TMS as 
internal reference in CDCI3. "^Sn NMR spectra were collected at 
a spectrometer frequency of 186.4 MHz on a Varian UNITY 500 
with a 10 mm broad band probe. All samples were prepared in 
CDCI3 solution and chemical shift values were referenced exter-
nally with Me4Sn. Elemental analyses were performed on a PE-
2400-11 elemental analyzer. The "^Sn Mossbauer spectrum of the 
complex 1 in the solid state was recorded using a Model MS-900 
(Ranger Scientific Co., Burleson, TX) spectrometer in the accelera-
tion mode with moving source geometry. A Ca"*Sn03 source 
was used and the spectrum was measured at 80 K using a liquid-
nitrogen cryostaL Tlie velocity was calibrated at ambient temper-
ature using a composition of BaSnOs and tin foil (splitting 
2.52 mm s '). Tumor inhibiting efTect of compounds 1 and 2 was 
tested in vitro by using the murine leukemia cell line P388 and hu-
man leukemia cell liiie HL-60 with the njethod of MTT. The human 
Lung Epithelial Cell line A-549 was tested with the method of SRB. 
2.2. Synthesis of the complexes [n-BujSniimdaXHiOJlsBipy (1) and 
/n-Bu^SnfimdaXHjOJ/i-Phen (2) 
Di-n-butyltin diacetate (1.75 g, 5mmol) in 15 ml ethanol was 
added dropvirise to a magnetically stirred aqueous solution 
(20 ml) of iminodiacetic acid (0.67 g, 5 mmol) in presence of 22'-
bipyridine (0.3 g, 2.5 mmol) or 1,10-phenanthroline (0.45 g, 
2.5 mmol) at room temperature. The stirring was continued over-
night and the soluti>9n was refluxed for 6 h. On cooling, colorless 
crystals of 1 and 2 were obtained in solution. However, only the 
crystals of 1 were single and suitable for X-ray crystallography. 
(-CH2-NH-), 125.2-146.8 (m, Ar). "^Sn NMR (CDCI3, ppm): 5 
-532. 
2.2.3. Spectra of free ligands 
H2imda:lR(KBr,cm-'): i(COOH),3322; t<C=0), 1775.1707; 'H 
NMR (D2O, ppm): 6 3.91 (s, -CH2-CO), 2.35 (q, -NH-); "C NMR 
(D2O, ppm): S 171 (COOH), 57.2 (-CH2-NH-). 
Phen/Bipy: IR (KBr, cm ' ) : t<Ar), 1628, 1608, 1510, 1464; 'H 
NMR (CD3OD, ppm): 5 7.20-8.51 (m, Ar); "C NMR (CD3OD, 
ppm): <5124-148 (m,Ar). 
2.3. Crystal structure determination of (1) 
A single crystal of the compound 1 was mounted on a glas; 
capillary and data were collected using graphite-monochromated 
Mo Ka radiation (A = 0.71073 A) on Bruker SMART APEX CCD 
diffractometer at 293 K. The data integration and reduction were 
processed with swwr 1171 software. An empirical absorption cor-
rection was applied to the collected reflections with SADABS using 
xpREP [17). All the structures were solved by the direct method 
using SIR-97 [18| and were refined on P^ by the full-matrix 
least-squares technique using the SHEIXL-97 (181 program pack-
age. Crystal parameters and refinement results are presented in 
Table 1. 
3. Results and discussion 
3.1. Synthesis 
Iminodiacetic acid (H2imda) reacts with di-n-butyltin diacetate 
in presence of an a-diimine viz. 2,2'-bipyridine (Bipy) or 1,10-phe-
nanthroline (Phen), to yield a dinuclear compounds 1 or 2. The syn-
thetic route for the compounds is shown in Scheme 1. The 
analytical data are consistent with the stoichiometry |n-Bu2Sn(im-
da)(H20)]2Bipy (1) or [n-Bu2Sn(imdaXH20)l2Phen (2). The com-
pounds were soluble in water and usual organic solvents. 
Suitable crystals of the compound 1 were obtained on slow evap-
oration of the mother liquor. The compounds were characterized 
2.2.1. Compound (1) 
yield 64%, m.p.: 218 °C. Anal. Calc. for C34H54N40,oSn2: C. 44.57; 
H, 5.94; N, 6,12; Sn. 25.91. Found: C. 44.24; H, 5.99; N, 6.11; Sn, 
25.86%, IR (KBr, cm '): vJiCOO). 1668; «,(C00), 1382; ((CHj), 
3086, 2928; i<CH2), 2958, 2876; t(C=0), 1772,1705; t{Ar). 1616, 
1605, 1510, 1460; t<Sn-0-Sn), 685; !<Sn-C), 531; t(Sn-0), 
459; t<Sn-N), 466. 'H NMR (CDClj, ppm): r) 0.89 (t, CH3), 1.92 
(t, aCHi), 1.71-1.84 (m, PCH2). 1.32 (h. yCHjl 3.91 (s, -CHj-CO). 
2.35 (q, -NH-), 7.23-8.48 (m, Ar), 3.42 (s, H2O). '^ C NMR (CDCI3, 
ppm): S 26.5 {aCHj, 962 Hz, VC'^Sn-^C,)]. 26.3 (pCHj), 26.2 
(yCHz). 13.3 (CH3). 165 (COO), 56.4 (-CH2-NH-), 125.6-147.1 (m, 
Ar). "^Sn NMR (CDCI3, ppm): 5-521. 
2.22. Compound (2) 
yield 64%, m.p.: 218 °C. Anal. Calc. for C36H54N40,oSn2: C, 45.99; 
H, 5.79; N, 5.96; Sn, 25.25. Found: C, 45.93; H, 5.75; N, 5.91; Sn, 
25.21%. IR (KBr, cm '): w„(COO), 1662; J's(COO), 1384; t^ CHj), 
3083, 2926; t<CH2), 2953, 2874; v{C=0), 1773, 1707; t{Ar), 1613. 
1606, 1508, 1463; i<Sn-0-Sn), 682; i<Sn-C), 533; t<Sn-0). 
456; KSn-N), 465. 'H NMR (CDCI3. ppm): <5 0.87 (t, CH3). 1.90 
(t, (XCH2), 1.76-1.82 (m, pCHj), 136 (h, yCHj). 3.93 (s, -CH2-CO), 
2.34 (q, -NH-), 7.31-8.43 (m, Ar), 3.40 (s, HjO). "C NMR (CDCI3, 
ppm): S 26.7 (QtCH2), 26.1 {PCH2. 44.56 HA "/('"Sn-'^Cp)}; 26.3 
{yCHj. 117.53 Hz, ^i/C'Sn-^Cy)}, 13.5 (CH3), 167 (COO). 56.1 
Tablet 
Ciysul data with refinemeiu parameters for complex (1). 
Empirical formula 
Formula weight 
Wavelength (A) 
Crystal system 
Space group 
Unit cell dimension 
a (A) 
b(A) 
c(A) 
an 
M°) 
)'(-) 
Z 
Absorption coefficient [mm ') 
Crystal size (mm) 
0 Range for data collection (") 
Index ranges 
Reflections collected 
Unique reflections (Ri„,) 
Refinement method 
Data/restrainst/p»rimetets 
Goodness of fit on F" 
Final R indices (J > 2(rt.l)] 
R indices (all data) 
CiiHsiNiOioSni 
918.31 
a71073 
triclinic 
PT 
7.955 (5) 
19.819 (5) 
25.413 (5) 
85.264 (5) 
89.974 (5) 
89.898 (5) 
4 
0.24x0^2x0.18 
1.0-28.4 
-10 < (1 < 7, -26 < It < 26 
- 3 3 < / ^ 3 3 
18 920 
12349(0.035) 
Full matrix least square on F* 
12 349/0/902 
1.118 
R,-0.0847, WR2-OJ2O8 
R,-0.1314. WR2-0.3158 
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O o 
H 
N 
HO' ^^ ^^^^ ^OH 
Iminodiacetic acid (Hiimda) Di-n-butyltin diacetate ^ 
a-diimine HjO/EtOH 
Refluxed 4h 
• a-diimine 
a-diimine = 2.2'-bipyridine (1) or 1,10-phenanthroline (2) 
Scheme t. Synthetic procedure for the complexes 1 and 2. 
by various sjDectroscopic techniques and single crystal X-ray dif-
fraction of 1. 
3.2. Spectroscopic studies 
3.2.i.FT-m spectra 
The coordination sites of the ligands were determined by means 
of FT-IR spectroscopy. The stretching frequencies of interest are 
those characteristic of the carboxylic acid flinction, t<Sn-C), 
t(Sn-0) and t(Sn-0-Sn) bonds frequencies. The free iminodiacetic 
acid (H2imda) shows broad band due to 0-H stretching frequen-
cies of COOH group in the 3500-3050 cm"' region which was ab-
sent in the spectrum of the complexes, indicating that the ligand 
binds Sn metal in the anionic (imda^") form. The carboxylate group 
in imda^' may exhibit a range of different coordination mode as 
presented in Scheme 2. When the COO group coordinates as a 
" ^ o o-^'^~"^o Cf ^ 0 OZ "^0 0 
I ^ S n - ^ I I I i 
Sn Sn Sn Sn Sn 
A B C D 
Scheme Z Important coordination modes of -COO group. 
monodentate ligand (structure A), the difference between the 
wavenumbers of the asymmetric and symmetric carboxylate 
stretching vibration frequencies, Av-(»t|sCOO~-i^ ymCOO"), is in 
the range 250-300 cm ' [ 19]. For the symmetric bidentate coordi-
nation (structure B), Av is considerably smaller compared to that of 
the ionic carboxylate compounds [20]. The magnitude of Av for 
asymmetric bidentate coordination modes as depicted in struc-
tures C and D, is also very large but smaller compared to that of 
the monodentate (structure A) mode of coordination. It is therefore 
concluded that iminodiacetate anion (imda'^ ") coordinates prefer-
ably in a monodentate manner. A medium intensity band near 
685 cm"' in the spectra of the complexes 1 and 2 is characteristic 
of the t(Sn-0-Sn) bond stretching vibrarion suggesting formation 
of an Sn-O-Sn bridged structure for the complexes. The absorption 
bands characteristic of Sn-C Sn-0 and Sn-N, bonds stretching 
vibrations were also observed at appropriate positions. The X-ray 
crystallographic data for the complex 1 have confirmed a carboxyl-
ate bridged structure. 
3.2.2. NMR spectroscopy 
The 'H NMR spectrum of the complexes did not show the reso-
nance signal of the 0-H proton for the H2imda expected at 
13.12 ppm. However, the spectra contained resonance signals 
characteristic of -CH3, a-CH ,^ P-CH2 and Y-CH2 protons of the n-
butyl subsrituents at Sn atom as the multiplets in the appropriate 
intensity ratio. The multiplet appearing in the range 7.22-
8.50 ppm is characteristic of the aromatic protons of Phen/Bipy 
lA. Siddiqi et al/]oumal of Organometallk Oiemislry 694 (2009; 3768-3774 3771 
moeity. The broad multiplet in the spectra is probably due to imi-
nic proton. The braiderringof the signal is characteristic of rardear 
quadrupole relaxation effect of nitrogen (/ - 1) [211. The additional 
broad strong singlet at ~3.40 ppm is probably due to the coordi-
nated water in the complex moeity. 
The ^\ NMR spectra of the compounds contained resonance 
signals characteristic of the skeletal carbons of the iigand moeity, 
n-butyl substituents; bound to (Sn) atom as well as that of the aro-
matic carbons of the bipyridine or phenanthroline moeity present 
in the complexes 1 or 2. The spectra of the compounds showed a 
significant downfield shift of carbon resonances, compared with 
the free Iigand. This shift is a consequence of an electron density 
transfer form Iigand to the acceptor. The "'Sn-"C resonance cou-
plings were also obs^ erved as satellites i.e. 'j("'Sn-'^C„) at 972 Hz 
for compound 1; ^;("^Sn-"Cp) and ^jC'^ Sn-'^ C^) at 44.56 and 
117.53 Hz, respectively for compound 2. The complementary infor-
mation for complexes is given by the value of the coupling con-
stants. The Lockhart and Manders equation (22] which correlates 
the C-Sn-C bond angle with the coupling constant 7("'Sn-"Cot) 
is given below 
0 - 0.0877'J("^Sn-"C,) + 76.7543 
The magnitude of I) calculated from this expression (162°) for 
compound 1 is comparable to that obtained [9= 163.6°) from the 
X-ray crystallographic data. This indicates that the two butyl 
groups are in axial positions (Fig. la). 
"*Sn NMR spectra of the complexes 1 and 2 exhibited sharp 
resonance signals at -521 and -532 ppm, respectively, consistent 
vnth the hepta coordination of {Sn) atom [23]. 
3.2.3. Mdssftauer xpectioscopy 
While IR spectroscopic data provide ample informations regard-
ing the coordination sites and their probable binding with metals, 
they give no indication about the molecular structures. This latter 
question is resolved usually firom the X-ray crystallographic data 
and if possible by recording "^Sn-Mossbauer spectra of the 
organotin(IV) complex. Complex 1 gave beautiful single crystals 
suitable for X-ray diffraction study. We have performed "^Sn-
Mossbauer spectral investigations for this complex (1) in order to 
compare the probable informations given by these two techniques. 
The compound 1 showed a dotiblet wrtth the experimental 
Mossbauer parameters, ^-1.45, |^ |-4.16 and r)"0.87mms ' 
determined by computer evaluation (241. These values are charac-
teristic for the {Sn) atom of the organotin(IV) moeity within the 
complex. A successful correlation has been reported betwreen the 
quadrupole splitting \4\ and the structure of differently coordi-
nated Sn(rV), using either a simple point charge model [24] or a 
more elaborate hybridization treatment [25]. The observed \A\ 
value obtained by means of the pqs concept considering a mono-
dentate coordination mode of the -COO", indicated that the Sn(IV) 
could be present in octahedral (Oh) or pentagonal bipyramidal 
(pbp) environment. Linear oligomerization (as also indicated from 
the X-ray data) through the monodentate -COO^ groups may re-
sult in carboxylate bridges between the two tin centers. The ob-
served \A\ value indicate configuration where the n-butyl groups 
are located invariably in axial position. The hepta coordination to 
form the most probable pbp geometry is achieved via additional 
coordination from the iminic nitrogen of the imda^ and H2O. 
For Sn(IV) complexes containing a n-Bu2Sn(rV) moeity, the magni-
tude of quadrupole splitting |^| is also related with the parameter 
[R] and angle 9, which is given [24] by 
= -4[R]ll-(3/4) sin-in'' flii/2 (1) 
where [R] denotes the pqs value of substituent (i.e. butyl group), 
and 0 is the C-Sn-C angle. On inserting the value \A\ - 4.16 mms ' 
and 0 = 163.6 for complex 1 (X-ray data) in Eq. (1), we get 
[R] = -1.07mms"'. This value of [R] agrees well within 1% error 
with that reported i.e. [R] = -1.09mms " for heptacoordinated 
Sn(IV) complexes [26). The present Mossbauer data are consistent 
0 8 
01 
Fig. la. ORTEP view uf the moeity |n-Bu2Sn(imdaXH20)|2 drawn at 50* probability of the thermal ellipsoids (H-atoms have been omitted for clarity). 
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Table 2 
Selected bond lengths(Aland angles(°) for (n-BujSnCimdaKHiOJliBipy(1). 
Bond lengths 
Snl-C5 
Snl-C9 
Sn1-02 
Snl-Nl 
Snl-OlW 
Snl-03 
Snl-06 
Bonii an^es 
C5-Sm-C9 
C5-Snl-02 
ra-Sn1-02 
C5-Sn1-N1 
02-Snl-N1 
02-Snl -Nl 
C5-Sn1-01W 
C9-Snl-01W 
02-Sn1-01W 
Nl -Snl -OIW 
C5-Snl-03 
C9-Sn1-03 
02-Snl-O3 
N1-Snl-03 
01W-Sn1-03 
2.118(11) 
2.128(10) 
2.233(7) 
2.310(9) 
2.324(7) 
2.330(7) 
2.767(7) 
163.6(4) 
97.2(4) 
93.4(4) 
91.9(4) 
103.3(4) 
71.8(3) 
853(4) 
85.4(3) 
75.2(3) 
146.3(3) 
88.6(4) 
£10.5(4) 
142.5(3) 
71.0(3) 
14Z2(2) 
Sn2-C17 
Sn2-C21 
Sn2-07 
Sn2-02W 
Sn2-N2 
Sn2-06 
Sn2-03 
C17-Sn2-ai 
a7 -Sn2-07 
C21-Sn2-07 
C17-Sn2-02W 
a i - S n 2 - 0 2 W 
07-Sn2-02W 
C17-Sn2-N2 
a i - S n 2 - N 2 
07-Sn2-N2 
02W-Sn2-N2 
C17-Sn2-06 
C21-Sn2-06 
07-Sn2-O6 
02W-Sn2-06 
N2-Sn2-06 
2.113(11) 
2.132(10) 
2.208(8) 
2.309(7) 
2.321(10) 
2.338(7) 
2.752(7) 
163.9(4) 
97.2(4) 
93.0(3) 
84.8(3) 
85.8(3) 
74.8(3) 
91.4(4) 
103.6(4) 
72.0(3) 
145.8(3) 
89.7(3) 
89.9(3) 
142.4(3) 
142.8(2) 
7a9(3) 
with a seven coordinate distorted pentagonal bipyramidai (pbp) 
geometry (rf the complex. 
3.3. Single crystal X-ray aystallogxophk studies 
The single crystal X-ray data for the complex 1 have been sum-
marized in Tables 1 and 2. The ORTEP views of the moiety [n-Bu2Sn 
(imda)(H20)]2 and [n-Bu2Sn(imdaXH20)l2Bipy are shown in Figs. 
1 a and b, respectively The molecular unk is apparently a dimers, 
held together via irwo carboxylate bridges with d(Sn-0-
Sn) = 5.0935+ 0.023 A. Additional coordination from HjO to the 
metal atom results in a seven coordinate, distorted pentagonal 
bipyramidai (pbp) geometry around each tin metal (Fig, la). The 
H2O oxygen (01W), imda^ oxygens (02, 03) along with nitrogen 
(N1) and the bridging oxygen (06) form the equatorial plane 
[Sn-0 = 2.324(7), 2.330(7). 2.233(7), 2.767(7) and Sn-
N = 2.310(9) A). The observed C-Sn-C bond angle [163.6°(4)1 indi-
cates that the two butyl groups are attached to each {Sn} atom at 
the axial positions |Sn-C = 2.118(11) and 2.128(10) A]. The Sn Sn 
distance within the dimeric moiety is 4.242 ± 0.002 A, which is 
comparable to that reported for an analogous dimeric complex 
[Bu2Sn(pyridine-2,6-dicarboxylate)(H20)l2 [27]. The neighboring 
[n-Bu2Sn(imda)(H20)]2 dimers are further attached to each other 
by weak H-bonding through Bipy nitrogen atoms as well as the 
intermolecular H-bonding (Fig. lb). It appears from the packing 
diagram (Fig. 2) that the 2,2'-bipyTidine is present in the crystal lat-
tice and acts as a spacer in the formation of supramolecular frame-
work to stabilize the crystal lattice (Table 3). 
3.4. In vitro antitumor activity 
In order to compare the cytotoxicity of the compounds pre-
sented in this paper, the preliminary in vitro cell tests were per-
formed on tumor cells whose detailed experimental procedures 
are available in the literature |28]. The growth inhibitory effects 
on the murine leukemia cell line (P388) and human leukemia 
cell line (HL-60) were measured by the microculture tetrazolium 
[3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 
MTT] assay 129]. The growth inhibition for the htiman non-small-
cell lung cancer cell line (A-549) was analyzed employing the sul-
forhodamine B (SRB) assay [30]. The results of the in vitro cytotoxic 
effects of the compounds 1 and 2 (Table 4) against the three tumor 
cell lines (P388, Ht.-60 and A-549) were compared using cisplatin 
as a reference (control). The inhibitory effect of the compounds t 
and 2 was relatively higher than that exhibited by cisplatin against 
the three tumor cell lines for the experimental concentration range 
(10 ''-10 ^ M) suggesting that the preserrt compounds can be used 
as potent antitumor agents. The observed higher activities of the 
test compounds in reference to that of the cisplatin can reasonably 
be correlated [31] in terms of a structural effect i.e. a long chain 
of the dinuclear (Sn-Sn) units stabilized or controlled via an 
V m N5 
^ , 
'i.  
\ '^ ' ^ Jo 
Sn4oi5 
N8 M o \ 
Fig. lb. ORTEP view of ln-Bu2Sn(imdaXH20)|2 Bipy (1) showing H-bonding interactions between adjacent units. 
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Fig. 2. Packing diagram of the complex 1, 
Table 3 
Hydrogen-bond geometry (A."). 
D-H ;< 
N4-H01 
N4-H01-
N3-H02 
N3-H02 
N2-H03 
N2-H03 
N1-H04-
N1-H04-
01 ' 
02' 
OS 
07 
09" 
Olrf' 
016'" 
•015"' 
D-H 
o.so;9) 
0.80:9) 
0.78(9) 
0.78(9) 
1.08(9) 
1.08(9) 
1.21(9) 
1.21(9) 
H A 
2.22(9) 
2.61(10) 
2.23(9) 
2.66(10) 
1.91(9) 
2.43(9) 
1.90(8) 
2.28(9) 
D A 
2.973(10) 
3308(10) 
2.972(10) 
3.343(11) 
2.922(11) 
3307(11) 
2.935(11) 
3.297(11) 
D-H A 
157(9) 
146(8) 
159(9) 
149(8) 
155(7) 
138(6) 
140(6) 
139(6) 
Symmetiy codes; ;i)x+ l . y - l . z : {ii)x-1,y, z; (iii)x.y + l .z 
Table 4 
Inhibitory effect of the compounds on tumor cells of P388 (MTT). HL-60 (MTT) and A-
549 (SRB). 
Cell line 
P388 
HL-60 
A-549 
Concentration 
(mol/1) 
1 0 -
1 0 ^ 
1 0 ' ' 
10 - ' 
l O " 
10^ 
ur* 
1 0 ' 
1 0 " 
lo-'* 
lO"^ 
1 0 ' 
Inhibitory rate 
Compound 1 
100 
100 
100 
19.5 
100 
98.9 
97.1 
903 
100 
72.0 
61.7 
34.9 
m 
Compound 2 
100 
100 
100 
62.6 
100 
98.6 
92.8 
29.1 
100 
74.7 
40.2 
23.8 
CispUtin 
84 
48.4 
23 
18.5 
100 
100 
48.9 
19.2 
36.8 
15.1 
12.5 
17.4 
The data in Table 4 indicate that compounds 1 and 2 at 10"* M 
concentration are highly effective against all the cell lines exam-
ined. They retained high inhibition rates of 100% against P388 tu-
mor cell line even for the concentration range lO'^-lO"* M but 
were relatively less active towards HL-60 and A-549. However, 
they were observed not much effective against all the three tumor 
cell lines at 10^ M concentration. 
4. Conclusion 
Iminodiacetic acid reacts with di-n-butyltin diacetate in pres-
ence of an a-diimine viz. 2,2'-bipyridine or 1,10-phenanthroline 
taken in 2:2:1 mole ratio in aqueous ethanol resulting in com-
plexes with stoichiomoetries [n-Bu2Sn(imdaXH20)]2 Bipy and (n-
Bu2Sn(imdaXH20)]2Phen. The FT-IR, 'H, "C and "'Sn NMR as well 
as "^Sn Mossbauer spectroscopic data on the complexes revealed 
that the ligand imda'^  binds the metal as dianionic ligand behav-
ing as tridentate [N.O.O] chelating agent such that the metal adopts 
a hepta coordinate distorted pentagonal bipyramidal (pbp) geom-
etry. The presence of carboxylate bridging from imda'' produced 
a dinuclear structure of the complex as confirmed from the single 
crystal X-ray diffraction data. The a-diimine chelator, which does 
not directly bind the (Sn) atom is rather present in the crystal lat-
tice acting as a spacer between the adjacent dinuclear units involv-
ing weak H-bonding interactions to form a supramolecular 
framework. Apart from this special structural feature, the present 
compounds deserve attention as they are rare examples of hepta 
coordinated organotin derivatives. The cytotoxicity tests of the 
compounds show that these compounds can be used as potent 
antitumor drugs. 
extensive H-bonding and the presence of additional spacers like 
Bipy or Phen in the molarular unit (Fig. 1 b). A few organotin deriv-
atives specially those containing a long chain alkyl substituent on 
{Sn) atom preferably n-butyl group are reported 132] to exhibit 
remarkable cjrtotoxic effects. The additional contribution from n-
butyl group bonded to (Sn) atom in the present compounds to-
wards the cytotoxic effects may not be ruled out. 
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Appendix A. Supplementary material 
CCDC 728949 contains the supplementary crystallographic data 
for compound 1. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif. 
Supplementary data associated with this article can be found, in 
the online version, at doi:10.1016/j.jorganchem.2009.07.030. 
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Mixed-valent complex 
The newly prepared homo-bimetallic complexes |M2(imda)2(H20)4l, [M2(imda)2(Bipy)2] (M = Co, Ni or 
Cu) and (Fe2(imda)2(H20)3Cll (Hiimda-iminodiacetic acid and Bipy«2,2'-bipyridine) have been stud-
ied employing IR, FAB-mass, 'H and "C NIWR, EPR and ligand field spectra, which indicated a high-spin 
state of metal ion with hexa-coordinate environment '^Fe Mossbauer data of the homo-bimetallic com-
plex (Fe2(imda)2(H20)3CI] confirm a high-spin configuration with Fe (±3/2 -> 1/2) nuclear transitions 
and the presence of Kramer's double degeneracy. At RT. the spin-spin interactions of the neighbouring 
nuclei (Fe'*-Fe'* = 55/2-55/2) are anti-ferromagnetically coupled. However, at LNT, the complex acquiies 
a mixed-valent |Fe"'-Fe"] composition corroborated from the X-band EPR data. CV studies indicated the 
presence of quasi-reversible redox Cu"'', Cu"'"', Fe'""', Fe'"'' and Fe"" couples. 
® 2009 Elsevier B.V. All rights reserved. 
1. Introduction 
The science of polymetallic complexes where metal ions are 
connected by bridging organic ligands has recently become a 
challenging issue for chemists, physicists and nanotechnologists 
11-3). The flexible polycarboxylic adds H2oda (2,2'-oxydiacetic 
acid), H2imda (iminodiacetic acid) and Hsnta (nitrilotriacetic acid) 
are among the potential candidates capable to produce differ-
ent kinds of polynuclear complexes. Dinuclear Cu(n) complexes 
bridged by carboxylate spacers have been studied extensively 
due to their relevance in copper-containing enzymes and their 
interesting magnetic properties [4,5]. Coordination chemistry of 
functionalized carboxylato species has been an attractive subject 
from the bioinorganic standpoint because the carboxylate group 
of glutamate and aspartate works as a supporting ligand for the 
metal centres in various metalloproteins [6,7J. Recent investiga-
tions on metalloproteins have revealed that the carboxylate group 
plays an important role for structural holding and proton trans-
fer via hydrogen bonding interactions in proteins. It exhibits a 
diversified coordination mode and provides an effective hydro-
gen bonding interaction with other protic group [8,9j. Bimetallic 
^JL-carboxylato complex has been the most attractive synthetic tar-
get in view of the fact that the carboxylate-bridged bimetallic 
core is the common structural motif of the various 02-metabolic 
non-heme Fe- and Mn-proteins [10-121. Spectroscopic titrations 
of iron clusters with calf thymus DNA have also been used to 
evaluate the binding to the DNA helix (13,141. ID, 2D and 3D 
' Corresponding author. Te).: +91 9411803461. 
E-maii address: zafarasiddiqiS'yahoo.com (ZA Siddiqi). 
1386-1425/$ - see front matter ® 2009 Elsevier 8.V. All rights reserved, 
doi: 10.1016/j.saa2009.09.03€ 
coordination polymeric MOFs structure are effectively generated 
via extensive carboxylate bridging in metal complexes containing 
functionalized dicarboxylate moieties [15]. The pH of the reaaion 
solution and the crystallization conditions are the crucial param-
eters that influence the formation of the molecular architectures 
[16,17]. Stock and co-workers have demonstrated the role of the 
acid/base ratio and temperature in determining the structure of the 
complexes [17]. The mono-metallic mixed-ligand complexes incor-
porating iminodiacetic acid, H2imda and 1,10-phenanthroline are 
generally generated under low pH (5-8) conditions [18]. However, 
polynuclear homo-bimetallic mixed-ligand complexes of transition 
metals using iminodiacetate (imda^") bridging are scarce. Here-in, 
we report the isolation and spectral investigations of novel homo-
bimetallic complexes which were generated under a high pH (9-10) 
reaction condition. 
2. Experimental 
2.1. Materials 
Iminodiacetic acid (E. Merck), 2,2'-bipyridine (E. Merck) and 
metal salts (Aldrich) were used as received. Solvents were purified 
by standard procedures. The purity of the compounds was checked 
through silica gel chromatography and the melting points were 
non-corrected. 
2.2. Synthesis of the complexes [M2(imda)2(H20)4! (M=Co, Ni or 
Cu)(1-3) 
An aqueous solution of metal chloride (5 mmol) was dropped 
to the solution of iminodiacetic acid (5 mmol, 0.66 g) in water with 
62 ZA 'iiddiqi et al. I Spectrochimica Acta Pan A 75 (2010)61-68 
Stirring and then triethyiamine (1 mL) was added. The stirring was 
continued overnight forming an intense colour solution. The reac-
tion mixture was then refluxed for4 h resulting in precipitate which 
was filtered off, washed with water and methanol and dried in 
vacuo. 
2.2.1. lC02(imda)2(H20)4J(1) 
[Pink. m.p. >300 =C, yield 68%]. Anal. Calcd. for CgH,8C02N20i2: 
C 21.25; H 4.01; N 6.20. Found: C 21.65; H 4.31; N 6.26. Molar 
conductance, Am (in 10~^M methanol): 35n~'cm^mol^^ 
FAB-mass spectrum (m-nitjobenzylalcohol, NBA matrix): 
m/z=453 (57%), lC02(imda)2(H20)4 + HP; mjz^AXA (37%). 
|C02(imda)2(H20)2-2H]*; m/z = 398 (29%). [Co2(imda)2H20]*; 
mlz=382 (40%). [C02(imda)2 + 2Hr; m/z= 190 (27%), [Co(imda)r. 
IR (KBr pellets. cm~'): 1625 i;asym(COO), 1305 Usym(COO). 422 
u(Co-N), 945 u(Co-0-Co), 3431 iXHzO).' H NMR (CD3OD, ppm) S: 
3.91 (8H, s, CH2), 10.22 (2H, s, iminic NH), 2.4 (8H, s, br. coordinated 
H2O). 13c NMR (CD3OD, ppm) S: 176 (>C=0), 41 (-CHj-N). 
2.2.2. lNi2(mda)2(H20kl(2) 
[Green, m.p.>300=C, yield 57%). Anal. Calcd. forC8H,gNi2N20,2: 
C 21.28; H 4.02; N 6.20. Found: C 21.45; H 4.25; N 6.42. Molar 
conductance. Am (in 10 ^ M methanol): 42fi~i cm^moh'. 
FAB-mass spectrum (m-nitrobenzylalcohol, NBA matrix): 
m/z=453 (51%), [Ni2(imda)2(H20)4 + 2Hr; m/z=414 (39%), 
[Ni2(imda)2(H20)2-H|*; mlz = 3i97 (31%), [Ni2(imda)2H20r; 
m/z=380(26%),[Ni2(imda)2 + Hr;m/z= 190(35%), [Ni(imda) + Hr. 
IR (KBr pellets, cm"'): 1625 i^ asyni(COO), 1305 Usyni(COO). 422 
u(Ni-N), 950 u(Ni-O-Ni), 3431 u(H20). 'H NMR (CD3OD, ppm) S: 
3.87 (8H. s, CH2), 10.14 (2H. s, iminic NH), 2.6 (8H, s, br, coordinated 
H2O). '3C NMR {CD3OD, ppm) S: 173 (>C=0), 39 (-CH2-N). 
2.2.3. [Cu2(imda)2(H20)4l(3) 
[Light blue, m.p. >300 C, yield 65%|. Anal. Calcd. for 
CgHi8Cu2N20,2: C 20.83; H 3.93; N 6.07. Found: C 20.29; H 
3.74; N 6.02. Molar conductance. Am (in 10"^ M methanol): 
38 n 'cm^mol"^ FAB-mass spectrum (m-nitrobenzylalcohol, 
NBA matrix): m/z = 460 (62%), [Cu2(imda)2(H20)4-Hl*; 
m/z=423 (34%), [Cu2(imda)2(H20)2-2H]*; m/z=407 (36%), 
[Cu2(imda)2H20]^ m/z=391(24%), [Cu2(imda)2 + 2Hr; m/z= 198 
(19%); [Cu(imda)-H|*. IR (KBr pellets, cm ' ) : 1625 Uasyii,(COO), 
1305L'sym(COO).422 iXCu-N), 948 iXCu-0-Cu). 3431 i;(H20).iH 
NMR (CD3OD, ppm) S: 3.83 (8H, s, CH2), 10.24 (2H, s, iminic NH), 
2.7 (8H, s, br. coordinated H2O). " c NMR (CD3OD, ppm) S: 170 
(>C=0), 38 (-CH2-N). 
2.3. Synthesis of the complexes lM2(imda)2(Bipy)2] (M = Co, Ni or 
Cu)(4-6) 
To the aqueous solutions of the above prepared complexes (1 -3) 
(2.5mmol), a solution of 2,2'-bipyridine (5mmol, 0.9 g) in 5mL 
methanol was added dropwise with slow stirring. The solution was 
continuously stirred overnight at RT forming precipitate which was 
filtered off, washed with water and alcohol and dried in vacuo. 
2.3.L lC02(imda)2(Bipy)2](4) 
[Pink, m.p. >300 C, yield 60%]. Anal. Calcd. for C28H26C02N6O8: 
C 48.57; H 3.78; N 12.14. Found: C 48.11; H 3.65; N 12.22. Molar 
conductance, Am (in 10 ^M methanol): 24^'^ cm^mo\-K 
FAB-mass spectrum (m-nitrobenzylalcohol, NBA matrix): 
m/z=693 (62%), [Co2(imda)2(Bipy)2 + H]^ m/z=535 (34%), 
[C02(imda)2Bipy-Hj*: m/z=378 (36%), [C02(imda)2-2Hr; 
m/z=192 (24%), [Co(imda) + 2Hr. IR (KBr, ucm^'): 1625 
Uasym(COO), 1305 i;sym(COO), 422 iXCo-N), 955 iXCo-0-Co), 
1580-1430 iXC=C and C=.N).'H NMR (5 ppm, CD3OD) (300 MHz): 
3.48 (8H, s, CH2), 10.49 (2H, s, iminic NH), 7.4-8.6 (16H, m. aro-
matic protons), i^c NMR {S ppm, CD3OD) (75 MHz): 36 (-CH2-N), 
173 (>C=0), 123.136,138,129 and 147 (aromatic carbons). 
2.3.2. lNi2(imda)2(Bipy)2J (S) 
[Greenish blue, m.p. >300°C, yield 58%). Anal. Calcd. for 
C28H26Ni2N508: C 48.60; H 3.79; N 12.15. Found: C 48.87; H 
3.33; N 12.72. Molar conductance. Am (in lO^^M methanol): 
30S2""'cm^mol"'. FAB-mass spectrum (m-nitrobenzylalcohol, 
NBA matrix): m/z = 691 (45%), [Ni2(imda)2(Bipy)2l*; m/z= 535 
(29%), [Ni2(imda)2Bipyr; m/z=378 (42%), [Ni2(imda)2-H]^ 
m/z= 190 (32%), [Ni(imda) + H]^ IR (KBr. ucm" ' ) : 1625 
L'asym(COO), 1305 Usyn,(COO). 422 u(Co-N). 958 u(Ni-O-Ni), 
1580-1430 iXC=CandC=N). 'H NMR(5ppm,CD3OD)(300MHz): 
3.46 (8H, s, CH2), 10.44 (2H, s, iminic NH), 7.4-8.6 (16H, m, aro-
matic protons). '3c NMR (5ppm. CD3OD) (75 MHz): 34 (-CH2-N), 
174(>C=0). 121,135,137,129 and 146 (aromatic carbons). 
2.3.3. lCu2(imda)2(Bipy)2](6) 
[Blue, m.p. >300°C, yield 64%). Anal. Calcd. for C28H26CU2N6O8: 
C 47.93; H 3.74; N 11.98. Found: C 47.43; H 3.35; N 11.79. Molar 
conductance. Am (in 10 ^M methanol): 21 ft-'cm^mol"'. 
FAB-mass spectrum (m-nitrobenzyialcohol NBA, matrix): 
m/z = 703 (45%), [Cu2(imda)2(Bipy)2 + 2Hr; m/2=543 (37%), 
[Cu2(imda)2Bipy-2H]*; m/z=389 (41%), |Cu2(imda)2]*; m/z=195 
(23%) [Cu(imda) + H|^ IR (KBr, ucm- ' ) : 1625 Uasyni(COO), 1305 
t;syn,(COO), 422 iXCo-N), 956 tXCu-0-Cu), 1580-1430 u(C=C 
and C=N). 'H NMR (^ppm, CD3OD) (300 MHz): 3.45 (8H, s, CH2), 
10.43 (2H, s, iminic NH), 7.4-8.6 (16H, m, aromatic protons), " c 
NMR ((Jppm. CD3OD) (75 MHz): 36 (-CH2-N), 170 (>C=0). 122, 
134.128.136 and 149 (aromatic carbons). 
2.4. Synthesis of the complex [Fe2(imda)2(H20)3Cll (7) 
A solution of FeC^ (5mmol. 0.8 g) in water (5mL) was added 
dropwise to a slowly stirred aqueous solution of iminodiacetic acid 
(5 mmol, 0.66 g). After 1 /2 h stirring. 2 mL triethyiamine was added 
dropwise and the stirring was continued overnight. The dirty yel-
low colour precipitate obtained was filtered off, washed with water 
and methanol and then dried in vacuum. 
[Dirty yellow, m.p. >300='C, yield 55%]. Anal. Calcd. for 
C8H,6Fe2N20iiCI: C 20.74; H 3.48; N 6.05. Found: C 20.45; H 
3.92; N 6.16. Molar conductance. Am (in lO^^^ methanol): 
25S2~'cm^mol' . FAB-mass spectrum (m-nitrobenzylalcohol, 
NBA matrix): m/z=464 (47%). [Fe2(imda)2(H20)3CI + H]"; 
m/z=425 (25%), [Fe2(imda)2(H20)3-2HJ*; m/2=391 (33%), 
[Fe2(imda)2H20]^ m/z=375 (29%). [Fe2(imda)2 + 2H]*; m/z=185 
(19%). [Fe(imda)-H]\ IR (KBr pellets, cm"'): 1625 Uasym(COO), 
1305 Usyn,(COO), 422 u(Fe-N), 950 i;(Fe-0-Fe). 246 u(Fe-Cl), 
3431 u(H20). 'H NMR (CD3OD, ppm) 8: 3.91 (8H, s, CH2), 10.22 
(2H, s, iminic NH), 2.4 (8H, s, br. coordinated H2O). '^c NMR 
(CD3OD, ppm) 5:176 (>C=0). 41 (-CH2-N). 
2.5. Physical methods 
IR spectra were recorded on a Perkin-Elmer spectrum GX 
automatic recording spectrophotometer as KBr disc 'H and '^C 
NMR spectra of compounds dissolved in CD3OD were recorded 
on a Brucker DRC-300 spectrometer using SiMe4 (TMS) as inter-
nal standard. Electronic spectra and conductivities of an aqueous 
solution of the complexes were recorded on a Cintra-5GBS UV-
Visible spectrophotometer and Systronics-305 digital conductivity 
bridge, respectively, at room temperature. FAB-mass spectra were 
recorded on Jeol SX-102/DA-6000 mass spectrometer using argon 
(6 kV, 10 mA) as the FAB gas. The accelerating voltage was 10 kV and 
the spectra were recorded in m-nitrobenzyl alcohol (NBA) matrix. 
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The X-band EPR spectra were taken at room temperature as well 
as liquid nitrogen temperature on a Varian £-112 spectrometer 
operating at 9.1 GHz. Microanalysis for C, H and N were obtained 
from Microanalytical Laboratories, CDRl, Lucknow. Melting points 
reported in this work were not corrected. 
2.6. Molecular model computations 
CSChem-3D-M0PAC software has been used to get the mini-
mum energy perspective plots for the geometry of the complexes 
[19]. This provides the most stable (ground state) arrangement 
of the ligand environment around the metal ions. The structural 
parameters like relevant bond lengths and bond angles were also 
computed. 
2.7. Mossbauer spectral studies 
The spectra were recorded at the Mossbauer facilities of the 
UGC-DAE Consortium for Scientific Research, Kolkata center. The 
Mossbauer measurements were made with a standard PC-based 
system operating in the constant acceleration mode. The velocity 
drive was calibrated using 57-Co source using a 25 p.m thick natural 
iron foil as an absorber. The sextet of a-iron was useful in calibrat-
ing the centre of gravity of the spectrum and velocity calibration 
constant, which are essential for the analysis of the spectrum. The 
velocity calibration was carried out using the ^' Fe Mossbauer spec-
troscopy of a-iron. The experiment was performed at RT and LNT 
when the absorber was kept stationary and the source device was 
moving with a constant velocity (10 mm/s). The spectrum was fitted 
with NORMOS program 1990 for its solution. 
2.8. Cyclic voltammetric studies 
Cyclic voltammetry {CV) was performed on EG&G PAR 273 
Potentiostat/Galvanostat and an IBM PS2 computer along with 
EG&G M270 software to carry out the experiments and to acquire 
the data. The three-electrode cell configuration comprised of, a 
platinum sphere;, a platinum plate and Ag(s)/AgN03 were used 
as working, auxiliary and reference electrodes, respectively. The 
supporting electrolyte used was [nBu4N]C104. Platinum sphere 
electrode was sonicated for 2min in dilute nitric acid, dilute 
hydrazine hydrate and then in double-distilled water to remove the 
impurities. The solutions were deoxygenated by bubbling research 
grade nitrogen and an atmosphere of nitrogen was maintained over 
the solution during measurements. 
3. Results and discussion 
3./. Syntheses 
The synthetic procedure for the complexes (1-7) is given in 
Scheme 1(a) and (b). The reactions of MCI2 (M = Co, Ni or Cu) 
with iminodiacetic acid, H2imda (in 1:1 mole ratio) in the pres-
ence of EtsN (pH 9.0) have afforded bimetallic products with 
stoichiometry [M2(imda;2(H20)4l (1-3). The aqueous solutions 
of these compounds (1-3) exhibited considerable reactivity with 
the auxiliary N-chelator/donor, 2,2'-bipyridine (Bipy) affording 
homo-bimetallic mixed-ligand complexes bearing the compo-
sition [M2(imda)2(Bipy)2] (4-6). FeCh reacts with H2imda at 
a relative high pH (-10.0) under identical conditions yielding 
[Fe2(imda)2(H20)3CI| (7J. However, the complex (7) did not react 
with the auxiliary ligand (Bipy) even under reflux condition 
to give a mixed-ligand complex containing the 2,2'-bipyridine 
auxiliary ligand. The products (1-7) were soluble in usual 
organic solvents. The experimentally observed molar conductiv-
ities (/\m<40fi- 'cm2mol- ') for the lO-^M methanolicsolution 
of the complexes indicate a non-electrolytic nature in solution (20]. 
The magnitude of the conductivity (/Im = 25 fi"' cm^ mol"' )forthe 
Fe^* complex (7) indicates that there is a considerable extent of 
interaction of the counter Cl~ anion to the Fe^* ion such that the 
counter CI" anion also participates in coordination. This is not an 
unusual behaviour in view of the reports that counter halide anion 
are capable to bind metal ions as a weak coordinating ligand [21,221. 
3.2. Analytical and FAB-mass data 
The analytical data of the compounds (1-7) are consistent with 
their proposed molecular formulae (Section 2). FAB-mass spectral 
studies have been performed for the complexes to ascertain the 
stoichiometry proposed hom the analytical data. The FAB-mass 
spectra of the compounds recorded in m-nitrobenzylalcohol 
(NBA) matrix contained several strong to medium intensity 
peaks which arise due to the molecular ions as well as for-
mation of the species from the thermal fragmentations of the 
corresponding molecular ions. The peaks observed at m/z=453 
(1). 453 (2), 460 (3) and 464 (7) are consistent with the molec-
ular ions [C02(imda)2(H20)4 + H]^ [Ni2(imda)2(H20)4 + 2Hr, 
[Cu2(imda)2(H20)4-H]* and [Fe2(imda)2(H20)3Cl + Hl*, respec-
tively. These molecular ions further lose exocyclic ligands, i.e. the 
coordinated water molecules as well as the counter chloride anions 
for (7) in a step-wise manner to give the species [Co2(imda)2 + 2H]'^  
(m/z = 382), [Ni2(imda)2 + Hl^  (m/z=380), [Cu2(imda)2+2Hr 
(m/z=391) or [Fe2(imda)2+2Hr (m/z=375) (Section 2). The 
complexes (4-6) also indicate intense peaks for the corre-
sponding molecular ions, [C02(imda)2(Bipy)2 + H]* (m/z=693), 
[Ni2(imda)2(Bipy)2]* (m/z=691) or [Cu2(imda)2(Bipy)2 + 2Hr 
(m/z=703). Furthermore, the cleavage of the auxiliary ligand 
2,2'-bipyridine from the coordination sphere have produced the 
molecular ions [Co2(imda)2-2Hl* (m/z= 378), [Ni2(imda)2-Hl* 
(m/z=378) or [Cu2(imda)2]'' (m/z = 389). It is noteworthy that all 
the complexes have ultimately produced a mononuclear coordina-
tion of the imda^' which is quite stable even under the FAB-mass 
condition. The appearance of a weak (-20%) to medium intensity 
(40%) peak in the spectra are consistent with the formation of 
the molecular ion (M(imda)j'^ which is apparently mono-metallic 
in nature. The present FAB-mass data therefore corroborate that 
the imda^" anion binds metal ions with a stronger coordinate-
covalent bond compared to that provided by the auxiliary ligand 
or N-chelator, albeight, 2,2'-bipyridine is a well known strong 
chelating agent. 
3.3. IR and NMR spectra 
The important frequencies observed in FT-IR spectra of the 
compounds with their assignments are given in Section 2. The 
Vasym(COO) and i'sym(COO) Stretching vibrations characteristic 
of the coordinated carboxylate anions were indicated as strong 
intensity bands near 1625 and 1300 cm~', respectively [231. The 
observed large separation between uasym(COO) and Usym(COO) 
stretching vibrations [ Av= Uasyni(COO)-Vsyni(COO) -290 cm' ' ] for 
the complexes suggests a strong bidentate chelation of the anionic 
imda^" moeity to metal ions involving both carboxylate groups 
[23]. The observed negative shift (-100 cm"^) in the v(C-N) 
stretching frequency relative to that observed in the free uncoor-
dinated ligand corroborates the additional coordination from the 
iminic nitrogen of the imda'^" moeity. The observed broad band in 
3500-3200cm-' region for the complexes (1-3) and (7) is char-
acteristic of the presence of coordinated water molecules in the 
complex moeity. The i'(C=N) and v(C=C) chararteristic stretching 
vibration bands in the complexes (4-6) were indicated in the region 
1580-1427 cm-'. The appearance of medium intensity bands in 
the Far-IR 480-250cm"' region are due to M-N, M-0 and Fe-CI 
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Scfieme 1. (a) Synthetic procedures for the complexes (1 -6), (b) Synthetic procedure for the complex (7). 
bonds stretching frequencies, respectively [22,23J. The carboxy-
late bridging (M-O-M) in all the complexes was ascertained by 
the appearance of a medium intensity band at ~950 cm^^  |24). The 
Fe-Cl bond stretching vibration was observed at the appropriate 
position (246cm ') in the Far-IR region [23]. 
The 'H NMR spectra of the complexes contained, in general, a 
sharp and a broad singlet in the regions 3.4-3.9 and 10.1-10.4 ppm 
(Section 2) characteristic of the skeletal -CH2- and the Iminic 
(-NH-) proton resonances, respectively of the coordinated imda^. 
The aromatic protons of the coordinated bipyridine moeity were 
indicated as multiplets in 7.2-8.7 ppm range. The resonance sig-
nals observed in 170-176, 34-41 and 121-150 ppm regions in 
the '^ C NMR spertra of the complexes are assigned to carbonyl 
{>C=0), methylene ( 
tively [25]. 
-CH2 -) and a-diimine (Bipy) carbons, respec-
3.4. Electronic (ligand field) and EPR spectral studies 
The electronic spectra contained intense charge transfer (M •(- L) 
bands in addition to the weak intensity absorption bands in the vis-
ible range charaaeristic of d-d transitions whose positions with 
assignments have been summarized in Table 1. The ligand field 
transitions are characteristic of the high spin, configurarions of the 
metal ions [Cr^ * (t2geg). Fe^ * (t|ge|) and Co^ * (tjgCl)] in the Oh envi-
ronments [26]. However, for the complexes [Cu2(imda)2(H20)4] 
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Table 1 
Electronic transitions with their assignments and EPR data. 
Complex 
[Co;;(imdab(HjC)4l(1) 
|Ni.;(imda)AH,C;4|{2) 
[Cu2{imcla;j(H;0)4|(3) 
|C02iimdai/(Bipy)2|(4) 
(Ni2i:imda,,(Bipybl(5) 
|Cu,(imda)2,:Bi'3y)2|{6) 
(Fev(imda)2(H;0)2Cl2K7) 
Band positions u(cm -) 
27.100 
20,750 
14,950 
29,650 
24,845 
20,750 
14,560 
28.455 
20,425 
16.676 
42.568 
27.146 
20.467 
14,875 
41,425 
29,855 
24,810 
20.620 
14.660 
45.210 
28.645 
20.5^2 
16,687 
27,010 
26,050 
25.178 
21.750 
Assignments 
n 
' ' • r , j (P)* -%(F) 
''T2,(F)^-»T„(F) 
CT 
'T.gCP)- 'Ajg(F) 
' T : s (F ) - ^A2g(F) 
*T2,{F)-^M2g(F) 
CT 
% - ^B,, 
'B2g *- ^B.g 
IT > I T ' 
CT 
%g(P) . % ( F , 
^T2g(F). "TigCF: 
n »-IT* 
CT 
•iT,g(P). iA2g(F) 
' T ,g (F ) . 'A2g(F) 
'T2g(F).-- 'A2g(F) 
T7—• T t * 
CT 
' £ g - ' B , g 
'B2g- '^B,g 
CT 
rA,g,' 'E,|* «A,g 
( ' 'A,g, ' 'E, l -%, 
*T2g- '^A,g 
EPR data 
g_ = 2,10,g||.2.27 
Ki =1.06, K||-0.94 
C-2.7 
gi=2.19.g|,-2.29 
K, =1.13, K| =0.88 
C=1.5 
&v = 1.89.gFcKiii, = 2,00 
gRi i i i '3 .34 
(3; and [Cu2(imda)2(Bipy);] (6), the observed splitting of the d-d 
(^ T2g • ^ Eg) transition giving two bands due to -^ Eg«- •^ Big and 
•^Eg »-^ B2g (in the order of decreasing energy) transitions strongly 
indicate a tetragonal distortion in the six coordinate geometry 
around Cu^ * ion. This has been further verified from the EPR spectra 
of these complexes. 
The X-band EPR spectra [Fig IS (Supplemental Information)] 
of the complexes (3) and (6) recorded at room temperature and 
liquid nitrogen temperature were identical exhibiting two sep-
arate resonance signals (,g|| and gi) due to anisotropic behavior 
arising from the presence of a strong Jahn-Teller distortion. The 
observed g|, >g.L > 2.00 (Table 1) is characteristic of an axially elon-
gated tetragonal distortion with dx2^ y2 orbital as the ground energy 
level [25].The observed EPR parameters, the energy of the observed 
transitions, orbital reduction parameters (k^, fe,) and spin orbit 
coupling constant (A.) are related as follows: 
g. 
8,1 
2K^k 
£(2£g <- 2B,g) 
8if,^ A 
£(2B2g ^ 2B,g) 
The parameter C is related to the experimentally observable 
quantities (i.e.g|;,gj, k|„ ki and energies of ligand field transitions) 
by the following expressions: 
C = 
g L - 2 
E(''£g^^Big) 
£(2B: 2g 2B 1?J 
The magnitude of C and the corresponding orbital reduction 
parameters (fcn and fei) have been used as criteria for measuring 
the extent of exchange coupling effects on local Cu{ll) environment 
in the complex [25]. The observed magnitudes of G< 4.0 and ki > k|| 
are consistent with the presence of exchange coupling or inter-
action, i.e. the neighbouring Cu(ll) ion in the complex moeity is 
magnetically not independent [22,25]. 
The X-band EPR spectrum of homo-bimetallic complex (7) 
[Fig 2S (Supplemental Information)] is representative of the species 
(g= 1.89) with ground state resulting from a considerable exchange 
interaction having net spin S=l/2 and is comparable to that 
observed for some ferredoxins (from bovine adrenals and spinach) 
[27]. Fe(III) has a d^  valence configuration (tLe|) and is expected 
to have quasi-isotropicg-values close to 2.00 while Fe(II) having d^  
configuration may have the expected value ofg > 2.00. The observed 
magnitude (g< 2.00) for the dinuclear [Fe"'-Fe" j species ascertains 
a considerable anti-ferromagnetic coupling between the two cen-
tres. In fact, if the spin of Fe(III) is oriented parallel to the external 
field then that of Fe(II) will be oriented anti-parallel with a net 
effect of S= 1/2. Therefore the expected g-value of Fe(II) must be 
subtrarted from that of Fe(IIl), which would giveg<2.0. 
The magnitude ofg expected for Fe(II) counterpart can be com-
puted ]27] from the experimentally observed gav value from the 
expression: 
7 4 
Assuming that gpe{i)i) = 2.00, thegpe(||) associated with the high-
spin electronic structure comes out to be 3.34. The magnetic 
moment value for the complex also indicates a considerable anti-
ferromagnetic interaction between Fe(III)-Fe(II) centres. 
3.5. Molecular modeling 
The molecular model calculations based on the CSChem-3D-
MOPAC have been employed to solve the minimum energy plots 
for the probable molecular structures of the complexes and to 
compute the important structural parameters, like bond lengths 
and bond angles of the molecules [19]. The mechanical adjust-
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Fig. 2. Perspective view of (M2Cimda)j(Bipy)2 ], IW •= Co (4), Ni (5) or Cu (6). 
ments via augmented mechanical field were used to draw the 
optimum minimum energy plots for homo-bimetallic complexes 
lM2{imda)2(H20)4), (M2(imda)2(Bipy)2j (M = Co, Ni or Cu) and 
[Fe2(imda)2(H20)3Cl| which indicate that the metal ions acquire 
a hexa-coordinate geometry as shown in Figs. 1-3. The plot shows 
that all the complexes are bimetallic involving carboxylato bridges. 
The primary ligand iminodiacetate (imda^^) provides three poten-
tial [N.O.Oj donor sites and the additional coordination from H2O 
or the heterocyclic chelator (2,2'-bipyridine) finally gives a hexa-
coordinate geometry around each metal ion in (1-6), however for 
the complex (7), additional coordination from CI" and H2O consti-
tute a distorted octahedral geometry. The computed bond lengths 
and bond angles have been displayed in Table IS (Supplemen-
tal Information). 
3.6. Mossbauer spectral studies 
The representative Mossbauer spectra of the complex 
(Fe2(imda)2(H20]3CI| (7), recorded at room temperature (RT) 
and liquid nitrogen temperature (LNT) and the various Mossbauer 
parameters obtained from the computations of the spectral data 
are shown in Fig. 4 and Table 2, respectively. Least square fitting 
and Lorenzian line shape were used for the spectral plots. The spec-
Fig. 3. Perspective vipw of (Fe2(imda)2(H20)3Cl] (7). 
Fig. 4. Mossbauer spectra of |Fe2(imda)2(H20)3CI| (7) recorded at Kt (showing a 
single doublet) and LNT(showing two separate doublets). 
trum recorded at room temperature (RT) exhibited only a single set 
of doublet suggesting the presence of only one type of iron nuclei 
in the complex moeity. However, at low temperature, this doublet 
splits giving two separate sets. The appearance of two separate 
sets of doublets of isomer shifts (S^ = 0.38 mm/s; 82 = 0.33 mm/s, 
AS = 0.05mm/s) and quadrupole splittings (A£QI = 1.06 mm/s; 
A£Q2 = 0.57 mm/s) indicate that the two Fe centres of the homo-
bimetallic complex [Fe2(imda)2(H20)3Cl] (7) do not possess the 
identical oxidation states rather form a mixed-valence state 
species (28-30) such that there is electron spin exchange cou-
pling between the neighbouring highly paramagnetic iron nuclei 
Table 2 
Mossbauer data of complex (7) at room temperature (RT) and liquid nitrogen temperature (LNT). 
Complex Temperature I.S. (mm/s) Q.S. (mm/s; Line width ^Area 
|Fe2(imda)2(H20)3Cll(7) LNT 
RT 
0.58 
0.33 
0.36 
1.06 
0.57 
0.82 
0 70 
0.38 
0.54 
67.16 
32.84 
49.53 
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[Fe"'-Fe"| preferably in anti-ferromagnetic manner. The role of 
this exchange phenomenon would be slow at LNT rendering the 
difference in the electronic environment ofthe neighbouring nuclei 
resulting in the appearance of two separate quadrupole doublets. 
However at RT, the rate of this intervalence charge transfer is very 
fast such that the nuclei could not be differentiated and identified. 
At LNFT the spectrum, which contained two separate doublets in 
which the outer intense doublet (A", =0.38; A£QI = l,06mm/s) and 
the relatively weak inner doublet (52=0.33; A£Q^=0.57mm/s), 
corresponded, respectively, to the Fe(ll) and Fe(lll) nuclei [29|, 
have the area ratio as 2:1 for the Fe":Fe"' doublets. At -270K the 
two doublets collapsed to only one doublet giving the parameters 
{S and AEQ) approximately the mean of those of the discrete 
doublets at low temperature [29]. The observed magnetic moment 
measured of the complex (7) (fi^ff = 3.5 BM) is considerably 
lower from that expected either for high-spin Fe(ni) or high-spin 
iron(ll) complexes. However it is very close to the reported for the 
mixed-valence state complex [Fe"Fe"'20{OOCR)6(L)3| [31], having 
a strong anti-ferromagnetic electron spin exchange interaction. 
The EPR spectral and magnetic moment data for the complex have 
also indicated mixed-valence [Fe"'-Fe"] centres in the present 
complex (7). A bis-carboxylate-bridged dinuclear structure as 
shown in Figs. 1-3, therefore, seems plausible in view of the 
bidentate nature ofthe iminodiacetate dianion (imda^^). 
The spectra did not show any magnetic splitting on application 
of the external magnetic field. It indicates that the effective inter-
nal magnetic field at the Mossbauer nuclei is either absent or is 
too low to show any significant interaction with the nuclear excita-
tion Fe(±3/2 -> ±1 /2) and the spin state remains doubly degenerate 
(i.e. the presence of Kramer's degeneracy). The nearly asymmetric 
nature ofthe quadrupole doublets suggests the presence of a fluc-
tuating electric or magnetic field near the nuclei. Asymmetry in the 
shapes rather than in the areas of quadrupole doublet components 
may arise from a paramagnetic relaxation effect which appears 
to be the spin-spin relaxation on the Mossbauer nuclei [32J. Fur-
thermore, the presence of magnetic exchange like intra-molecular 
anti-ferromagnetic interaction between the neighbouring nuclei is 
expected to enhance the mechanism ofthe spin-spin relaxation in 
these molecules. The average peak position (5) is in the positive side 
ofthe source indicating that the s electron density on the metal ion 
is smaller [33] in the complexes relative to that ofthe source. 
It is therefore concluded from the present Mossbauer spectral 
data that the complex (7) is a carboxylate-bridged mixed-valent 
homo-bimetallic species as shown in Fig. 3. 
3.7. Electrochemical studies 
The cyclic voltammograms for the complexes (6) and (7) 
recorded at 0.05,0.1 and 0.2 Vs"' scan rates [Figs. 3S and 4S (Sup-
plemental Information)! are identical suggesting the absence of 
a quantitative chemical disproportionation process during the 
course of electrochemical studies. The voltammogram for (6) con-
tained cathodic peaks at E^ = 0.00 and -0.69 V and the reverse 
cycle exhibited anodic peaks at +0.60 and -0.52 V. The forward 
and the corresponding reverse cycle peaks get coupled to form 
a well-defined redox couple at £^„ = +0.3 V and a weak flat-
tened pseudo-redox couple at E^ ,2 = -0.61 V. The electrochemical 
behaviour of the present homo-bimetallic Cu(II) complex (6) is radi-
cally different from that reiwrted [22,34] for other homo-bimetallic 
Cu(ll) complexes derived from the macrocyclic ligands. The position 
of weak flattened pseudo-redox wave {E°„ = -0.6 V) is consis-
tent with the redox process |Cu" - L - Cu" ] ^ [Cu' - L Cu' ] while 
the strong intensity redox wave (Ej .^  = +0.3 V) is assignable [34] 
to the redox process [Cu" - L - Cu"] li [Cu"' - L - Cu"' ]. However, 
the additional peak observed at E^ = -0.21 V indicates the pres-
ence of an irreversible process. 
The cyclic voltammogram for [Fe2(imda)2(H20)3Cll (7) con-
tained a highly symmetric reversible redox wave at £° .^  = -0.6 V 
in addition to two weak intensity flattened quasi-reversible redox 
waves at £° = +0.15 and +0.75 V. The mechanism of redox reac-
tions consistent [35,36] with the electrochemical data are shown 
below: 
[Fe" re'"i — LVIH, 
[ i V ' - L - h 
|Ke ' - i -F , 
|Fe ' - [ -Fc"] 
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A B S T R A C T 
The lanthanide complexes of bis(benzimidazole-2'-yl-methyl)amine (BImz) having molecular formula 
[M(BImz)X3H20] nH20 (M = La. Pr, Nd, or Gd; X=CI or CIO4 and n = 1,2 or 3) were prepared and character-
ized spectroscopically through IR,' H and '^ C NMR, FAB-mass, UV-visible and luminescence spectroscopy. 
TGA data suggested presence of coordinated and the lattice water. The oscillator strengths of the f-f tran-
sitions and the covalency parameters (/J, b''^ and S) have been evaluated from the electronic spectral 
data. The proposed hepta-coordinate geometry for the complexes has been ascertained from the molec-
ular model computations. CV studies indicate formation of a stable quasi-reversible redox couple Gd'"''^  
in the solution. The in vivo antimicrobial activities of the complexes have been evaluated against gram 
+ve and gram -ve bacteria and fungi. 
® 2009 Elsevier B.V. All rights reserved. 
1. Introduction 
The metal complexes with biologically relevant ligands have 
attained a centre stage of investigations by coordination and 
bio-inorganic chemists. A number of such complexes have been 
exploited to serve as models on account of their promising con-
tribution to understand the nature of the active biting sites and 
metal ion binding or encapsulations in metallo-proteins and -
enzymes. Several ligands which have very close structural features 
or proximity' to the macro-biomolecules have been prepared and 
characterized I1-4J by bio-coordination chemists in this regard. 
Imidazoles and its derivatives are known to have a broad biolog-
ical significance [5-7]. The moiety also acts as a potential chelating 
agent towards metal ions. The coordination ability of a number 
of monodentate benzimidazole derivatives has been thoroughly 
investigated and reported (8,9! '" literature. Metal complexes of 
polyfunctional benzimidazole and its derivatives have attracted 
the attention as they are capable to generate supramolecular self-
assembly via inter-ligand hydrogen bonds [10-12]. The nature of 
linking group between the benzimidazole moieties in such ligands 
as well as that of the counter anions in the complexes proba-
bly play important role in the supramolecular architecture. The 
use of low-molecular weight model compounds of these biological 
macro-molecules has proved to be very useful and in some cases 
the only possible way to visualize the binding modes, structures 
* Corresponding author. 
E-mail address: zafarasiddiqi@y^hoo.co.in (ZJ\. Siddiqi). 
and functions of the active sites. The presence of substituents in 
the tripodal moeity RnX(CH2BIz)m-n (X=N, R=H or alkyl group, 
n = 0 or 1, m = 3; X=0, n = 0, m = 2 and Biz = benzimidazole), have 
a remarkable effect [13] on the structure and the coordinating 
ability of the ligand. Such tripodal ligands are especially suit-
able to assess the electronic and geometrical factors regulating 
the function of the Cu-proteins [14,15]. The stereochemical inves-
tigations of transition metal complexes of the tripodal ligands 
[1-7], bearing four potential coordinating sites have indicated a 
coordinatively unsaturated penta coordinate geometry for these 
complexes. The formation of actual five coordinate square pyra-
midal or trigonal bipyramidal geometry strongly depends on the 
ligand topology, nature of the donor groups, the symmetry of the 
ligand and the constitution of the pendent arms or substituents. The 
chemistry of the analogous dipodal ligands such as HN(CH2lmz)2 
and HN(CH2Blm)2 (lmz = imidazole and Blm = benzimidazole) has 
recently been reported [16] from this laboratory. These dipodal 
ligands, in general, result in complexes having a coordinatively sat-
urated hexa-coordinate geometry with divalent and trivalent 3d 
metal ions. However, investigations for the ligating behaviour of 
such dipodal ligands towards lanthanide group metal ions which 
are capable to expand their coordination number upto eight are 
scarce. Furthermore, during the last few decades, a variety of 
lanthanide complexes have been shown to exhibit wide applica-
tions in medicines, radiopharmaceuticals and as MRI agents, etc. 
[17-20|. Off late, the coordination chemistry of lanthanide metals 
has received emphasis due to their potential use as luminescent 
materials [21 ] and also in the development of supramolecular pho-
tochemistry [22]. Here-in we report the spectral characterization 
nSf>-\42SI$ ~ see front matter a 2009 Elsevier B.V. All rights reserved, 
doi: 10,1016/j.saa.2009.06.026 
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and biological screening of a few lanthanide complexes of the dipo-
dal ligand bis(benzimidazole-2'-yl-methyl)amine, BImz. 
potentials of the redox processes. Melting points reported in this 
work were not corrected. 
2. Experimental 
2.1. Materials 
All the reagents used were of analytical grade. Iminodiacetic 
acid (E. Merck) and 1,2-diaminobenzene (E. Merck) were used 
as received while metal salts were recrystallized and solvents 
were purified by standard procedures before use [23). The salts 
LnCb 6H2O and Ln(CI04)3 3H2O were prepared according to the 
standard methods. 
2.2. Preparation of the Hgond (BImz) 
The preparation of the ligand bis(benzimidazole-2'-yl-
methy])amine (BImz) is available in our earlier reports (16). 
2.3. General procedure for the synthesis of the complexes (1-8) 
A methanolic solution (lOmL) of the metal chloride 
(LnCla-SHaO) or metal perchlorate [Ln(CI04)3-3H20] (Smmol) 
was dropped to a magnetically stirred solution of the ligand 
(1.3 g, 5 mmol) taken in 40mL methanol at room temperature. The 
stirring was continued for ~2 days at room temperature, mixed 
with diethyl ether with stirring to effect immediate precipitation. 
The precipitate was filtered off, washed with three 2 mL portions of 
methanol and finally dried under vacuum. Attempts for the recrys-
tallization of the complexes in different solvents could not provide 
single crystals suitable for X-ray crystallographic studies. The 
physico-chemical and spectroscopic data of the complexes have 
been summarized in Tables IS and 2S (Supplemental Information). 
2.3.1. Safety note 
Perchlorate salts of metal complexes with organic ligands 
are often potentially explosive, but we did not experience such 
behaviour for our compounds. 
2.4. Physical measurements 
IR speara were recorded on a Perkin-EImer spectrum GX auto-
matic recording spectrophotometer as KBr disc. 'H and '^C NMR 
spectra of compounds dissolved in CD3OD were recorded on a 
Brucker DRC-3CI0 spectrometer using SiMe4 (TMS) as internal stan-
dard. Electronic spertra and conductivities of an aqueous solution 
of the complexes were recorded on a Cintra-5GBS UV-Visible 
spectrophotometer and Systronics-305 digital conductivity bridge, 
respectively, at room temperature. Fluorescence excitation and 
emission spectra were measured on a RF-5301PC fluorescence 
spectrophotometer with a 450 W xenon lamp as excitation source. 
FAB-mass spectra were recorded on Jeol SX-102/DA-6000 mass 
spectrometer using argon (6 kV, 10 mA) as the FAB gas. The accel-
erating voltage was 10 kV and the spectra were recorded in 
m-nitrobenzyl alcohol (NBA) matrix. Microanalysis for C, H and 
N were obtained from Microanalytical Laboratories, CDRI, Luc-
know. Thermal gravimetric analysis (TGA) data was measured from 
room temperature upto 600 =C at a heating rate of 20°C/min. 
The data were obtained using a Shimadzu TGA-50H instrument. 
Cyclic voltammograms were recorded on a CH-lnstrument Electro-
Chemical Analyzer using tetraethylammonium perchlorate as a 
supporting electrolyte at room temperature. A three cell electrode 
is used which contains a Pt micro cylinder working electrode, Pt 
wire as auxiliary electrode and Ag/AgCl as the reference electrode. 
The voltammograms were generated through computer stimula-
tion giving the magnitudes of reduction, oxidation and half-wave 
2.5. Antimicrobial assays 
The antimicrobial screening was performed by cup-plate 
method [24), against the micro-organisms Pseudomonas aerug-
inosa. Bacillus cirroflagellosus, Aspergillus niger and Penicillium 
notatum, using the concentration 1 mg/mL of test solutions in 
DMSO. The standards used were Grisofulvin and Norfloxacin against 
fungi and bacteria respectively. 
2.6. Molecular modeling 
CSChem-3D-M0PAC software [251 has been used to get the min-
imum energy perspective plots for the geometries of the complexes. 
This provides the most stable (ground state) arrangement of the lig-
and environment around the metal ions. The structural parameters 
like relevant bond lengths and bond angles were also computed. 
2.7. Calculations 
The nephelauxetic effect is a measure of the degree of covalency 
(^av) of the M-ligand bond(s) in the complexes. There is a consid-
erable reduction in the magnitude of the radial integral regarding 
the metal ions valence orbitals in the process of complex formation. 
Nephelauxetic ratio, /3av [26] can be calculated from the relation 
o 1 V ^ "romp (1) 
where Vcomp and Vaq are the energies (cm"') of the f-f bands 
observed in the complexes and their aquo counter parts, respec-
tively. The f orbitals when involved in covalent bond formation with 
the ligand, the metal ion 4f wave function {<p4() is expressed [27] by 
the expression 
: 0 4 f l = ( l - b ) ' ^ ' < 4 f | - b ' / ' < ( / > l i g a n d l (2) 
where b''^ measures the amount of 4f-ligand orbital mixing and is 
calculated [28] from the relation 
bV2 = (l- / iav) (3) 
The positive and negative values of 6''^ for a complex correspond 
to covalent and ionic characters, respectively. The Sinha's covalency 
parameter (5), which is a function of the nephelauxetic ratio (^av). 
is calculated from the equation [29] 
,5:- ( l - / ia , 100 (4) 
The oscillator strength is defined as the measure of the intensity 
of the absorption bands arising from the f-f transition. Its magni-
tudes for the experimentally observed absorption bands termed as 
Pexp is calculated from the following expression [30], 
Pexp = 4.31 X 10 9r, h" dv 
Pcaic= Y. ^i»^</''V';IIU^Ilf''>>)'(2J + l ,-1 
(5) 
(6) 
A.=2,4,6 
where v, F. and rj are the energy (cm^M of transition, molar extinc-
tion coefficient and the refractive index of the medium, respectively. 
The calculated oscillator strength (Pcaic) is computed [31 ] from the 
relation given by Eq, (6), which expresses the ligand field interaction 
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Fig. 1. The perspertive view of the ligand (Blmz). 
with the 4f radial Eigen funrtion of the central ion causing a mixing 
of higher configuration of opposite parity into the 4f" configuration 
giving rise to induced electronic diptrfe transitions, i.e.where v is the 
energy of the transition, ^ j<-}lf'f and U^ is the unit tensor operator 
connecting the initial and the final states via three phenomenologi-
cal paramete r^s T;i^  (A. = 2,4 and 6). These three parameters are related 
to radial part of the 4f' wave functions, the wave functions of the 
perturbing configurati<jns, the refractive index of the medium and 
the ligand field parameters. 
3. Results and discusiiion 
The ligand (Fig. 1) exhibits a considerable reactivity towards 
the rare earth salts MX3 nH20 (M = La. Pr, Nd or Gd; X = C1, 
u-6; X-Oa,, «-3) ,»fiofd4«g seM pf9dtKts wWch jse stafcle 
in air and moisture. All the compounds are fairly soluble in 
alcohol and melt with decomposition below 300 =C suggesting 
that they are not poljfmeric. The observed molar conductivities 
{Am < 50ohm"' cm^ mol"') for the 10"^ M methanoltc solution of 
the complexes indicat<; a non-electrolytic nature in solution [32]. 
The conductivity data suggest a considerable extent of interaction 
of the counter a~IO04' anion to the metal ion such that it also 
participate in coordinaition (Figs. 2 and 3). This is not an unusual 
behaviour in view of th*; reports that halide and perchlorate counter 
anion can bind metal ions as a weak coordinating ligand [ 16,33). 
3.1. FAB-moiis spectral studies 
FAB-mass spectra of complexes (1-8) exhibited peaks at 
m/z-541, 5<14, 545, 558, 729, 734, 751 and 687 (Supplemental 
JnformatitmX wbkh are consis^tt with the fornsrtiof] of tije 
Q (arbon 
^ HydrOKen 
^ Nitrogen 
^ ()\> gen 
% la Pr.NdorGd 
^ Chlonne 
c 
fc ^ ^ ^ , ~ " w i - . ^ Hydrogen 
* ^ c ^ ^ ^ ^ ^ • '•'•'•"^"''•" 
gi%rtB - ^ j ^ - f r * ' 4P Oxygen 
^ ^ ^ - t i 4* Chlorine 
^ \ • 
^ Carbon 
Hg. 2. The perspective view of the complexes (1-4). 
Fig. 3. The perspective view of the complexes (5-8). 
molecular ions [La(Blmz)Cl3H20+Hf. [Pr(Blmz)Cl3H20+2Hr, [Nd 
(BlmzX:l3H20 + 2H]^ [Gd(BImz)Cl3H20-H]*, [La(BImzXC104)3 
H20-2Hj^ [Pr(Blmz)(CI04)3H20 + H]*, [Nd(Blmz)(CI04)3H20 
+ Hj* and |Gd(BImz)(a04)3H20 + H]*, respectively. However, these 
molecular ions lose exocydic ligands, i.e. counter anions (Cl^  or 
CIO4") in a step-wise manner, which ultimately produced the 
corresponding fragmentation species [La(Blnru) + H|* m/z=417, 
[Pr(Blmz)|* m/z = 418, [Nd(Blmz) + H]* m/z=419, [Gd(BImz)+Hl* 
m/z=436, [La(Blmz) + H|* m/z"417, [Pr (Blmz)}* m/z«418, [Nd 
(BImz) + Hr m/2-420. and [Gd (BImz)-Hj* m/2-434. It is reason-
able to propose that the present dipodal iigand (Bimz) is a strong 
chelating moiety towards the lanthanide metal ions such that 
the resulting complex cations are considerably stable even under 
FAB-mass condition. 
3.2. {RmdHM9.s'pectrokstMA\es 
FT-IR spectra of the ligand along with the complexes (1-8) pro-
vide ample informations regarding the nature of the various ligating 
moieties present in the coordination sphere. The binding character-
istic of the primary ligand bi$(benzimidazole-2'-yl-methyl)amine 
(Blmz) and the auxiliary ligands, i.e. H2O and the counter anions 
have been analysed from the IR data. IR spectrum of the free unco-
ordinated Blmz exhibited strong intensity absorption frequencies 
characteristic of the v(C=N) and KG-C) stretching vibrations of the 
benzimidazole ring [34] in addition to that arising from ii(N-H) 
stretching vibration. TTie position of the y(N-H) stretching vibra-
tion is significantly shifted (Av=50cm~') to a lower frequency in 
the complexes (1-8) relative to that observed in the free ligand 
(Table 1). This negative shift is due to coordination of the metal ions 
•m^^fi ^ ecofl^ Mry immt nitragen. Tiie s^eceraof tiie cem/flms&im^-
tained a broad band in the 3350-3470 cm~' region and a medium 
intensity band at ~940cm-' corroborating [35| the presence of 
coordinated as well as lattice water molecule in the molecular 
unit of the complex. In addition, the observed small positive shift 
(Av~20-25cm^) in the characteristic v(C==N) ring vibration is 
due to the coordination from the pyridyl nitrogens of the benz-
imidazole moeity [34]. The characteristic perchlorate group vib. 
(f 1, U2 and v^) were also observed in the spectra of the complexes 
(5-8). The observed splitting of the degenerate fundamental V2 (E) 
stretching vibration is an indication of a lowering in the symmetry 
of the counter perchlorate group vis-a-vis free CI04~ anion which 
has Td symmetry. It is well known that the symmetry lowering from 
perfert Tj in free perchlorate anion to C3V or C2v symnwtry in com-
plexes indicates a medium to strong extent of coordination of the 
counter anion either as a unidentate orbidentate ligand. The (M-N), 
(M-0) and (M-G) bond stretching vibrations for the characteristic 
M-ligand biting sites were observed (Table 1) at the appropriate 
positions in the Far-IR region [35]. 
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Tab le t 
,v;:ps?«»!: iiw^ufwnes t o n -) m 18 specaaofSseSgaaeltBInK) and tfcecosnptosesft-#) wwfe assigggacne. 
Compound v(NH) i'(C=N)n^ i<C=C)ri, u(M-N) KCIO,) i<M-a)/v(M-0) 
(Blmz) 
[U(Blmz)Ci3H20)-2H20(1) 
[Pr(Blmz)Cl3H20i:iH20(2; 
(Nd(Blmz)Cl3H20)H20{3) 
(Gd(Blmz)Cl3H2013H20(4) 
3270s 1600, 
3218b„ 1624, 
3220b„, 1620, 
3228to 1625, 
3215|,„ 1624, 
[U{BlmzXCI04)3H..O|H20{5) 3210 1610, 
|Pr(BlmzXa04)3H;.OI3H20(6) 3222 1627, 
(Nd(BlmzXC104)3H2012H20(7) 3216 1625, 
|Cd(BImzXa04)3H201-2H20(8) 3195 1608, 
1438, 
77U 
7)8s 
14335 
r/3, 
722, 
1427s 
768„ 
720, 
1429s 
768m 
725, 
1428s 
769m 
723s 
1431s 
760„, 
725, 
1428, 
772„ 
728, 
1438s 
763m 
720, 
1440, 
766™ 
719s 
424„, 
420^ 
425„, 
418„, 
425„ 
423„ 
420 „ 
419m 
1140, 
1145s 
1150, 
1148s 
1055s 
nOOs 
1058s 
1105, 
1055, 
lllOs 
1050s 
1108s 
624m 
618„ 
622 „, 
628„ 
232„ 
245„ 
249», 
234„, 
482„, 
478„ 
485„ 
479„ 
m = medium, s - sharp, b - broad, w - weak. 
Tfce oositjon with assignments 136] of the ^ H and ^^ C NMR 
resonance signals observed in the spectra of the ligand and the com-
plexes are summarized in Table 2S (Supplemental Information). The 
two well resolved equal intensity symmetrical multiplets observed 
&>f tiK vuwiutic protons ^ iiong witli J SH^et ^ 4.1B S «H¥ ciufttc-
teristic of the AA', BB' substitutions of the aromatic rings [37]. The 
symmetrical nature of the observed resonance peaks is consistent 
with a two fold molecular symmetry (Czv point group) of the lig-
aod moiecuk. Hcn*«ver, ia the cx«^dexss, ttK cesoonce sig&ate 
characteristic of these protons are shifted considerably to the low 
field side. This is not an unusual observation in view of the well 
known properties of the lanthanide complexes which are consid-
ered as NMR shift reagents [38]. The resonance signals observed 
in "C NMR spectra of the comj^es have a slightly broad feature 
with a significant shift in their position relative to that observed m 
the free ligand. 
13. Thermal studies 
Thermal gravimetric analysis (TGA) was performed to ascertain 
tf^^v6nt( water) HMkcukspiEMaitia the compteaeesafeasso-
ciated in the coordination sphere or in the crystal lattice or both 
[39]. The initial weight loss of 6.4%, 9.3%, 3.6% and 8.01% for the 
complexes (1), (2). (3) and (4), respectively, in the 25-120=C tem-
peiatuigia<^<XMtg$potKil to ^ e loss 4rffl<MHCoowl4nated Of lattice 
water moiecule(s) [Calc.%: 6.25% (1). 9.06% (2), 3.12% (3) and 8.80% 
(4)]. Similar behaviour was also indicated for the perchlorate com-
plexes (5-8), in which the initial loss for the lattice water was 2.12%. 
6.23%, 4.2S%«Kt4}7%fsr ttiec»rapiejses{5X(^(7>^d<*). !«s^€-
tively [Calc.%: 2.4% (5), 6.85% (6), 4.65% (7) and 4.58% (8)]. The 
observed weight losses for the various complexes indicate pres-
in (1). {7) and (8) and three water mokcutes ia (2i (4) aad (6) in 
the lattices. The observed weight loss of ~3% for all the complexes 
(1-8) in the range 165-220 "C corresponded to the presence of only 
one water molecule in the coordination sphere [39]. Again, the 
weight loss -25-303; ia the tempetiOiue aa^ (221-475 CI corre-
sponds to decomposition of the ligand moiety. Furthermore, weak 
endothermic peaks observed in DTA curve in the 90-100°C and 
190-215 °C region in all the complexes are due to the corresponding 
loss {£ tattke and rnnrdinarfd MOtet mrfpc ules {33},. rfspertively. 
The exothermic peaks in the range 170-210°C and 400-450 "C are 
assignable to the decomposition of the organic ligand moiety. 
3.4. Electronic absorption and luminescent properties 
The electronic absorption spectra of ligand (Blmz) recorded in 
methanol exhibited a strong intensity band (e~ 1.5 x 10^  Lmol~') 
at 398 nm (25,130 cm"') assignable 1401 to the electronic transiaswj 
form the filled IT orbital (HOMO) to the empty IT* orbital (LUMO), 
i.e. IT-* IT* transition of the iminic (C=N) funrtion present in the 
ligand moiety. However, the present lanthanide complexes (2,3,6 
and 7) eatabitifd aa Jateose bmad absorption bood at ca. 290 nm 
along with relatively weak intensity broad envelop of bands in 
380-650 nm region. The intense band is characteristic of the lig-
and based TT -> IT* transition which undergoes a hypsochromic shift 
{sUft toa l}%ti«^  wave Muniier or ^ i e r^) neiative to that o t e e n ^ 
for the free uncomplexed ligand moiety indicating that in com-
plexes the ground electronic state, i.e. HOMO (iT-orbital) of the 
(C=N) function of Blmz gets stabilized after chelation. The weak 
of the f-f excitations which originate from the corresponding 4f 
configurations of the Ln^ * ions. The f-f transition bands for the free 
Uft^ * mm as weW as aquo trnm^ka^^ {la(H20)6p aie eteefved 
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as sharp lines [41). However, their characteristic sharp nature and 
positions get affected after complexation to the organic chelating 
agents. We have obsen'ed a bathochromic shift (shift to lower wave 
number) for the f-f transition absorption bands compared to that 
observed in the corresponding aquo [Ln(H20)6]^ * complexes. This 
shift though not very large is termed as the nephelauxetic effect 
[26]. The ground electronic energy states for Pr^ * and Nd^ * are H^^  
and ''I9/2, respectively. The positions along with the assignment 
of the important f-f tiansition bands indicated in the complexes 
are listed in Table 3S (Supplemental Information). The absorjj-
tion band(s) characteristic of the ''G5/2, ''67^ •(-''Igp transition(s) 
for the Nd^ * which are recognized as hypersensitive band(s) [42] 
usually appear in the 17,000-18,000cm~' region. The term hyper-
sensitivity refers to the transitions which show a relatively large 
variability in the magnitudes of the oscillator strengths. The posi-
tion of the band and the corresponding oscillator strength depend 
on the stereochemical environment around the lanthanide ion in 
the complexes. The large variability in oscillator strengths for the 
hypersensitive transitions observed in Nd^ * complexes (2 and 3) is 
caused by the Eigen perturbation [43 ] as proposed byjudd and Ofelt. 
The symmetry of the cirystal fields may also produce a pronounced 
effect [44]. The oscillator strengths (Pexp) along with the theoreti-
cally calculated (Pcaic) 'or the various f-f transition bands including 
the hypersensitive transition in Nd^ * complexes (enclosed in paran-
theses) are given in Table 3S (supplemental information). 
There is a good corielation between Pexp and P^i^ for the Nd^ * 
complexes (2 and 3) indicating that it is in accordance with the 
intensity theory proposed byjudd and Ofelt [41 ]. However, there is 
a poor correlation between Pexp and P i^c for Pr^ * complexes (6 and 
7). 
The magnitudes of the nephelauxetic ratio (/fav). bonding 
parameter (b^P) and the Sinha's covalency parameter (S) evaluated 
for Pr^ * and Nd^ * complexes are presented in Table 4S (supplemen-
tal information). The magnitude of the nephelauxetic effect (/iav) is 
known to decrease in the 4f series. The observed /^ av values, i.e. 
Pav < 1.0 suggest a considerable covalent bonding [26] between the 
lanthanide ions with the present ligand (Blmz) moiety. However, 
fiav for Nd^ * complexes are higher compared to the corresponding 
Pr^ * complexes. This is not an unusual behaviour in view of a few 
reports [41 ] available in the literature. The magnitudes of b''^ and 
S are positive for the present complexes which further corroborate 
a covalent bonding between Ln^ * and Blmz. The observed higher 
magnitudes of b''^ and S indicate a greater extent of covalency. 
The excitation and emission (luminescence) spectra of the 
methanolic solution of the complexes (2), (3), (6) and (7) recorded 
at room temperature irradiated with ~290nm and ~450nm exci-
tation wavelengths are shown in Fig. 4. The fluorescence spectra 
irradiated at 290 nm wavelength contained a strong broad absorp-
tion band in 329-374nm characterized to the ligand TT-HT' 
transitions. The f-f transition bands observed in the 529-735 nm 
?«S!cn have very weak intensities. However, the nature of the flu-
orescence spectra of the complexes obtained after irradiation at 
450 nm wavelength, was different in nature. The intensity of the 
ligand IT -> IT* transition band is weak while the characteristic f-f 
transition bands attain an unusual strong intensities. The appear-
ance of the emission spectra of Ln^ * ions observed upon excitation 
at lower (290 nm) as well as higher (450 nm) wavelength suggests 
that the present complexes may have a potential use as fluorescent 
materials [21;]. 
3.5. Molecular model computations 
The molecular modeling computations based on CSChem-3D-
MOPAC [25] provided the probable molecular structures of the 
ligand (Blmz) as well as of the complexes (1-8). The mechani-
cal adjustments via augmented mechanical fields were used to 
3i»i)0 
2511(1 
i x c i t a t i on wavelength 29() nm 
:: 2i)iW 
• f l^iKl 
~ IIMK} 
Complex (11 
Complex {') 
Complex H') 
Complex (^1 
:oo 4(K) 60(1 
Wavelength (n in) 
S(iO 
l ixc i lat ion wavelength - 450 nm 
— 15(K1 
'£.• 
• Complex (2) 
Complex (3) 
C omplex (6) 
C oiiiplcx (7) 
2(J0 4U0 bCK) m> 
Wavelength (nmI 
Rg. 4. Fluorescence spectra of the complexes (2), (3), (6) and (7) at the excitation 
wavelengths 290 and 450 nm. 
draw the optimized minimum energy plots, as shown in Figs. 1-3. 
It is apparent from Fig. 1 that the ligand (Blmz) provides three 
aza biting sites which do not lie in the same plane, as such an 
arrangement would involve high energy. The ligand consequently 
behaves as a tridentate [N.N.N] chelating agent to bind metal ions 
(Figs. 2 and 3) such that a hepta-coordinate geometry around Ln^ * 
is achieved through additional coordination from the counter chlo-
ride/perchlorate ion and the coordinated water molecule. IR and 
TGA data (vide supra) support the presence of additional coordi-
nation from the counter anions and H2O as ligands. The computed 
structural data, i.e. important bond lengths and bond angles have 
been summarized in Table 5S (supplemental information). 
3.6. Cyclic voltammetric studies 
The electro-chemicai redox properties of metal compiexes 
[M(Blmz)Cl3H201.3H20 [M = Pr (2) or Gd (4)] have been studied 
employing cyclic voltammetry in the applied potential range +1.0 
to -l.OV recorded at 0.05,0.1,0.2 and 0.3 Vs-^ scan rates with ref-
erence to Ag/AgQ electrode at room temperature in presence of 
tetrabutylammonium perchlorate as a supporting electrolyte. The 
observed electro-chemical data, i.e. magnitudes of the reduction 
potentials (£^), oxidation potentials (E )^ and half-wave potentials 
(£^,/2) along with the represeitfative Epical cyclic vQltammagranis 
are shown in Figs. 5 and 6. The cyclic voltammogram for the com-
plex [Pr(Blm2)Cl3H20]-3H20 (2) recorded at O.OSVs-' scan rate 
exhibited a weak intensity (Fig. 5) irreversible cathodic wave at 
£^  = -0.25V.which gained intensity as the scan rate was increased 
from 0.05 to 0.2 Vs""'. However, the voltammogram recorded at 
0.2 Vs~' contained an additional weak intensity anodic wave at 
^ = +0.27 V, which can be coupled with the cathodic wave to 
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Fig. 5 . Cyclic vo l t ammogram of lPr(Blmz)a3H20| -3H20 (2) in 1 0 ' M methanol 
solution at 0.05.0.1 and 0.2 V s"' scan rates. 
generate a flattened quasi-reversible redox wave [45J with £=]/2 = 
-1-0.05 V. peak separation AE = E^-E^ = 0.52 V and peak current 
ratio/p//p = 1.08. This is consistent with the formation of an anodic 
redox couple Pr""''^  via one e" redox process [Pr(Blmz)Ci3H201 
[Pr(Blmz)Cl3H201^ 
The voltammograms for the complex [Gd(Blmz)Cl3H20] 3H2O 
(4) were recorded at relatively faster scan rates (i.e. at 0.01, 0.2 
and 0.3Vs"'), which exhibited (Fig. 6) well defined anodic and 
cathodic waves at +0.18 V and -0.25 V respectively. These anodic 
and cathodic waves get coupled to generate a well defined quasi-
reversible redox wave centred at £ ip = -0.035 V(A£=0.43 V and 
I^/I^ = 0.7), consistent with the formation of the redox couple 
Gd"'"v, i.e. [Gd(BImz)Cl3H201 5 [Gd(BImz)Cl3H201^ 
2OlvO 5 
i 01-0 "^  
h. HI IS 
1; -11 25 V 
\h l U ! ^ 
I I 11" 
llOh 00 
-1 01--0-; 
20I-O ^ 
-10 -118 0(1 1)4 -0 1 0 0 0 2 04 0 6 OS 10 
Polential(\ l 
Fig. & Cyclic vo l t ammogram of |Ccl(Blmz)Cl3H2013H20 (4) in 1 0 ' M methanol 
solution at 0.1,0.2 and 0.3 V s ' scan rates. 
It is interesting to observe that the magnitude of the £-,|2 's 
smaller for the reversible redox couple Gd'"''^  compared to that 
of the Pr'"''^ . This suggests that the generation of the complex 
cation species [M(BImz)Cl3H20]* with a higher oxidation state of 
the metal ion (i.e. M''*) is easier for gadolinium compared to that for 
the praseodymium. This is apparently in line with the well known 
effect called lanthanide contraction 146]. 
3.7. Antimiaobialstudies 
The in-vitro antimicrobial activities of the ligand and the com-
plexes (1-8) were screened against the fungi Aspergillus niger (AN) 
and Penicillium notatum (PN) and the bacteria Pseudomonas aerug-
inosa (PA) and Bacillus cirroflagellosus (BC) using the cup-plate 
method [24]. Grisofulvin and Norfloxacin were used as standards 
against fungi and bacteria respectively. 1 mg/mL of the ligand, com-
plexes or the standard in DMSO was employed for the experiments. 
Separate experiments were performed to verify the activity of the 
solvent (DMSO) as control. The cultures of the fungi and the bac-
teria consisted of peptone (0.6%), yeast extract (0.3%), beef extract 
(0.13%)andnutrientagar. The nutrientagar further consisted of def-
inite volumes of peptone (0.5%), yeast extract (0.15%), beef extract 
(0.15%), NaCI (0.35%), dipotassium phosphate (0.36%) and potas-
sium dihydrogen phosphate (0.13%). Wells were made by scooping 
out the nutrient agar with a sterile cork borer. The solutions of 
the test compounds (0.1 mL) were added to the wells using ster-
ile pipettes. The plates were further incubated at 37 'C for 48 h. The 
antimicrobial activity was estimated on the basis of size of inhibi-
tion zone formed around the wells in the plates. It was observed 
that the ligand (BImz) is less active against both the fungi and the 
bacteria. In case of AN, the complexes (5-8) showed enhanced activ-
ity compared to the ligand whereas the complexes (1-4) showed 
activity compurable to that of the ligand (Blmz). However, in case 
of PN, enhanced activity compared to the ligand was observed for 
the complex (3) only. The complexes exhibited moderately high 
activities against the gram +ve bacteria (BC) compared to the lig-
and. However, it was indicated from the experiments that for the 
gram -ve barteria (PA), the complexes do not exhibit any actwity 
compared to the ligand. This inactivity stems from the higher lipid 
content in the cell membrane of PA compared to BC which pre-
vents easy diffusion of complex into the cell. On comparison with 
the ligand the complexes were found to have increased activities 
(Table 2) which are attributed to the synergistic effect that increases 
the lipophilicity of the complex [47). The increased lipophilici-
ties of complexes permit easy penetration into lipid membranes 
of organisms and facilitates blockage of metal binding sites in 
Table 2 
Antimicrobial screening of the ligand Blmz and the complexes ( 1 - 8 ) . 
Compound Fungi Bacteria 
AN PN PA BC 
(gram - v e ) (gram +ve) 
Ligand (Blmz) 
[U(Blmz)Cl3H2012H20:i) 
[Pr(BImz)Cl3H201.3H20(2) 
[Nd(Blmz)ChH20 | .H20(3 , 
[GdCBImzjChHjO) 3H2O (4) 
[l.a(BlmzXCI04)-,H20| HjO(5; 
|Pr(BlmzXCI04):<H20|.3H20(6> 
|Nd(BlmzXCI04)iH20] 2H20(7) 
JGd(BlmzXC104)jH201-2HiO :8) 
Grisofulvin 
Norfloxacin 
Control 
+ + 
+ + 
+ + 
+ + + — 
Key to interpretat ion: - no activity: + = less active; + + = moderately 
active; + + + = highly a a i v e . AN = Aspergillus niger, PN = Penicillium nota tum, 
PA « Pseudomonas aeruginosa. BC » Bacillus cirroflagellosus. 
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enzymes. 
4. Conclusion 
The organic moeity bis(benzimidazole-2'-yl-methyl)amine 
(BImz), used as ligand in the present work is quite reactive towards 
lanthanide salts forming complexes characterized from spectral, 
thermal and electro-chemical studies. The present studies indicate 
that the complexes attained a hepta coordinate geometry which 
was further supported from molecular model computations. The 
oscillator strengths and the covalency parameters (/J, b^'^ and 5) 
were evaluated from electronic spectral studies. The appearance 
of emission bands in the fluorescence spectra of Pr(Ill) and Nd(lll) 
complexes suggests that these complexes may be used as potent 
fluorescent materials. The ligand stabilizes the redox couples Pr'"/'^ 
and Gd'""^ in the solution as evidenced from CV studies. Some of the 
rrimplexes exhibited increased activity against selective bacterial 
and fungal stains compared to the free ligand. 
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